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Abstract 
The cellular response to oxidative stress involves three interconnected processes: reactive 
oxygen species detoxification, adaptation and repair. Glutathionylation is an adaptive 
response in which glutathione binds to labile proteins protecting them from oxidative damage 
but also inactivating them. While it has been established that glutaredoxins play a crucial role 
in deglutathionylating these proteins, the kinetic regulation of this post-stress repair process 
is less clear. Intriguingly, aged cells have decreased glutathione levels, although the 
mechanistic significance of this decrease has not been well-understood. We hypothesized that 
in these cells, the lower glutathione levels reduced the efficiency of the 
glutaredoxin/glutathione system which impaired the recovery of the cell post-stress. To test 
this hypothesis, we used a validated computational model of the glutaredoxin/glutathione 
system to determine how perturbation of the glutaredoxin system affected the availability of 
active glutaredoxin as well as the rate of deglutathionylation. We separated the effects of the 
kinetic and thermodynamic components of glutaredoxin activity and found that the overall 
flux was primarily controlled by the kinetic effects and that the activity of the system was 
largely dependent on the availability of reduced glutathione. To test whether reduced 
deglutathionylation activity was a characteristic of aging, aging and glutathione determination 
experiments were undertaken in the fission yeast, Schizosaccharomyces pombe. In contrast to 
our hypothesis and data from other studies, fission yeast cells aged for five days were shown 
to have increased glutathione concentrations, from 36.62 µM to 43.09 µM in minimal media 
when compared with two-day old cells, except in the presence of additional glutathione or L-
buthionine sulfoximine, a glutathione synthesis inhibitor. Further, glutathionylation levels 
decreased or remained unchanged in the aged cultures which we speculate was due to an 
adaptive response by the glutathione synthesis pathway in these cells. Future experiments will 
need to measure both the glutaredoxin system and the metabolic pathways that provide 
reductive inputs into the system in order to understand the role of the glutathionylation cycle 
in post-stress recovery. 
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Chapter 1: Literature Review 
 
Oxidative stress is the imbalance between reactive oxygen species (ROS) and 
antioxidants, and has been linked to the development of numerous diseases – including cancer, 
diabetes, cardiovascular disease, and age-related diseases such as Alzheimer’s disease 
(Halliwell and Gutteridge, 2015). Significantly, age-related diseases are becoming 
progressively more prevalent as life expectancy within the global population increases (Atella 
et al., 2019). The top five causes of mortality amongst the South African population are 
tuberculosis (TB), diabetes mellitus, non-ischemic heart disease, cerebrovascular diseases, 
and HIV (Maluleke, 2018). The natural causes of death amongst the over sixty-six age group 
no longer include communicable diseases such as HIV and TB, but instead include lifestyle 
and age-related diseases such as cerebrovascular disease, diabetes mellitus, hypertensive 
diseases, ischemic and other forms of heart disease  (Maluleke, 2018). All top five natural 
causes of mortality are exacerbated by oxidative stress and the correlation between age-related 
disease and oxidative stress has led to the question of causality. The oxidative stress theory of 
aging, originally called the free radical theory of aging, was proposed by Denham Harman in 
1956 and stated that accumulated oxidative damage is the cause of age-associated loss of 
cellular function (Harman, 1956). The exact mechanism for oxidative-induced aging was 
unclear, but Beckman and Ames postulated that ROS exposure increases with age causing 
defense systems to become overwhelmed (Beckman and Ames, 1998; Liguori et al., 2018). 
There is also evidence of age-related decline in cellular levels of critical antioxidant molecules 
such as glutathione, which is also associated with disease development (Zhu et al., 2006). 
Treatment or supplementation with antioxidants, such as vitamin C, was proposed as a 
solution, but numerous studies have shown little to no benefit from antioxidant 
supplementation and thus the causal relationship between ROS and aging remains unclear 
(McCance et al., 2010; Traber and Stevens, 2011).  In this thesis, we hypothesize that the 
answer may lay in the adaptive and post-stress recovery period rather than the initial exposure 
to and detoxification of reactive oxygen species. Specifically, we hypothesize that as cells 
age, the post-stress recovery systems such as methionine sulfoxide reductase and 
glutaredoxins, become less active, leading to an increase in age-related dysfunction and 
therefore disease. In order to understand this, one needs to understand the causes and effects 
of oxidative stress on the cell and the cellular response to it.  
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1.1: Endogenous & exogenous sources of reactive oxygen species 
As a major terminal electron acceptor, oxygen allows for the generation of large 
amounts of energy in the form of ATP, through oxidative phosphorylation in the electron 
transport chain (ETC) (Burton and Jauniaux, 2011). In addition to energy generation, certain 
oxygen-dependent reactions are required by the cell, such as D-amino acid oxidation and the 
synthesis of collagen  I, II and IV (Kalyanaraman, 2013; Halliwell and Gutteridge, 2015; Jain, 
2017). Despite the essential nature of these processes, an unfortunate by-product of these 
reactions is often reactive oxygen species. 
Reactive oxygen species (ROS), which include superoxide, hydrogen peroxide and the 
hydroxyl radical, are oxygen-derived species that are more reactive than oxygen (Halliwell 
and Gutteridge, 2015; Sies et al., 2017) (Figure 1.1). ROS can result from both endogenous 
processes and exogenous sources (Ghezzi et al., 2017).  The electron transport chain is largely 
responsible for the leakage of electrons which react with singlet oxygen to produce both 
superoxide and hydrogen peroxide (Zhao et al., 2019) (Figure 1.1). 
 
 
Figure 1.1: Reactive oxygen species development sequence. Superoxide is formed when 
molecular oxygen loses a single electron, often as a result of leakage from the electron 
transport chain (ETC). As the path continues, the oxygen molecule loses a total of four 
electrons, and along the way, this leads to the formation of hydrogen peroxide, the hydroxyl 
radical, and lastly, water. 
Other sources of superoxide (O2-●) are NADPH oxidases, peroxidases, and 
cytochrome P450 (Gan et al., 2011).  Despite the fact that superoxide is comparatively less 
reactive than other ROS such as the hydroxyl radical, individuals lacking the enzyme that 
detoxifies superoxide, namely superoxide dismutase, are more likely to develop diseases such 
as Alzheimer’s disease and amyotrophic lateral sclerosis (De Belleroche et al., 1995; 
Beckman et al., 2001; Venkateshappa et al., 2012). Hydrogen peroxide, which is also 
produced by NADPH oxidases and by the dismutation of superoxide by superoxide 
dismutases, has the ability to rapidly diffuse from the site of generation, resulting in damage 
to cellular components (Stöcker et al., 2018). The hydroxyl radical is the most reactive of the 
three ROS discussed, with reactivity that is diffusion-limited (Möller et al., 2019). In addition 
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to the endogenous sources listed above, there are exogenous sources of ROS include UV 
radiation, chemicals, diet, tobacco and infectious agents (Figure 1.2)  (Halliwell and 
Whiteman, 2004).   
 
Figure 1.2 Endogenous & exogenous sources of reactive oxygen species and their effects. 
Sources of ROS include the mitochondria, peroxisomes and NADPH oxidases (endogenous) 
and UV radiation, diet and tobacco (exogenous). Adapted from Halliwell and Gutteridge 
(2015)  
Oxidative stress can result in oxidative damage to important cellular components such 
as nucleic acids, lipids and proteins (Figure 1.2) (Halliwell and Whiteman, 2004; Halliwell 
and Gutteridge, 2015; Sies et al., 2017). Accumulation of oxidative damage to cells results in 
disease which is discussed further in the following sections. 
 
1.2: Roles of reactive oxygen species in disease 
There are numerous diseases that result from oxidative damage to proteins (e.g.) 
cysteine oxidation can result in increased disulfide bridge formation which has been 
associated with the development of numerous diseases including chronic kidney failure, cystic 
fibrosis, heart disease and is a key factor in HIV/AIDS disease progression (Zabel et al., 2018; 
Bennett, 2019; Kamruzzaman et al., 2019). Similarly, protein carbonylation is an irreversible 
form of protein damage due to direct oxidation of the amino acids lysine, arginine, proline, 
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and threonine (Berlett and Stadtman, 1997). A meta-analysis of studies investigating the role 
of oxidative stress in Alzheimer’s disease, found increased protein carbonylation in the 
hippocampus and occipital lobe in individuals known to have Alzheimer’s disease when 
compared to healthy individuals (Zabel et al., 2018).  
Oxidative damage to the sugar backbone of DNA can also result in strand breakages, 
and DNA oxidation is a leading cause of genomic instability, leading to diseases, such as 
cancer (Tubbs and Nussenzweig, 2017). In DNA, guanine is readily oxidized to 8-oxoguanine, 
which causes post-replication transversion mutations as a result of incorrect base pairing 
(Chalissery et al., 2017) which can lead to mitochondrial dysfunction for example (Lee et al., 
2004). One of the most well-studied results of oxidative damage to DNA is the shortening of 
the telomeric region, which is considered to be the general marker of aging (Cattan et al., 
2008). In a 2008 study, 14 week old  wild-type CAST/Ei mice were exposed to high levels of 
L-buthionine sulfoximine (BSO), which is a chemical known to chronically deplete 
glutathione antioxidant levels (Cattan et al., 2008). Tissue glutathione and protein 
carbonylation were tested in the kidney, liver and heart tissue. BSO-exposed mouse tissues 
showed a decline in glutathione and an associated increase in protein carbonylation. Exposed 
mice were also found to have accelerated telomere shortening in multiple tissues, including 
the testes with an average decrease in telomere length of 15% (Cattan et al., 2008) which led 
researchers to conclude that oxidative damage to the DNA may be responsible for telomere 
shortening  (Cattan et al., 2008; Zabel et al., 2018). This was of interest as it has previously 
been shown that oxidative damage to DNA is exacerbated by aging; but the mechanisms 
behind this remained uncertain (Kujoth et al., 2005; Barnes et al., 2019). 
Oxidative damage to lipids results in lipid peroxidation which has two broad 
consequences- the degradation of membrane integrity and the formation of highly reactive 
aldehydes (Bradley et al., 2010) A common example of membrane degradation occurs in the 
erythrocyte membrane which results in loss of cell flexibility, preventing erythrocytes from 
fitting into small capillaries resulting in decreased blood flow and decreased tissue 
oxygenation (Srour et al., 2000). The reactive aldehyde byproducts include malondialdehyde, 
hydroxynonenal, and acrolein which are frequently used as markers of oxidative stress levels 
(Bradley et al., 2010; Zabel et al., 2018). The first evidence associating lipid peroxidation 
markers with disease was in a 1994 study by Balasz and Leon where brain tissue obtained 
from recently deceased individuals known to have Alzheimer’s disease was assayed by the 
thiobarbituric acid reactive substances assay (TBARS) to determine for malondialdehyde 
levels. This assay involved the reaction of colorless malondialdehyde (MDA) with 
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thiobarbituric acid (TBA) to produce a red MDA-TBA adduct which was measured 
photometrically at 530 nm (Balazs and Leon, 1994). A significant increase in 
malondialdehyde in the hippocampus, frontal and temporal lobes was found in Alzheimer’s 
individuals when compared with age-matched controls (Balazs and Leon, 1994; Zabel et al., 
2018). In summary, there is a wealth of evidence that ROS affects proteins, DNA and lipids 
and this damage has been associated with diseases such as cancer and Alzheimer’s disease in 
both mouse and human studies. To counteract the effects of ROS, there is a cellular response 
which limits both ROS and oxidative damage.  
 
1.3: The three-stage cellular response to reactive oxygen species  
Broadly, the cellular response to ROS consists of detoxification of ROS, ROS-
dependent adaptation, and post-stress recovery or repair mechanisms (Figure 1.3). Upon ROS 
exposure, a range of detoxification mechanisms begin to decrease the ROS load. However, 
continuous ROS exposure triggers adaptive responses, which include transcription factor 
activation and post-translational modifications to protect cellular components. Once the ROS 
levels are under control, it is vital that the cell begins to recover from the oxidative stress. 
 
  
 
 
 
 
 
Figure 1.3: A three-part cellular response to reactive oxygen species. The influx of reactive 
oxygen species (ROS) activates the cellular response, which encompasses the detoxification, 
adaptation. As the ROS stress dissipates, the post-stress recovery system is responsible for 
restoring homeostasis.  
The following paragraphs will explain how the cell attempts to counteract ROS and 
oxidative damage by means of this three-stage response (Figure 1.3).   
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1.4: Detoxification  
Cells are equipped with an extensive antioxidant defense system for the detoxification 
of different ROS. Of particular interest are superoxide dismutases (SOD), peroxiredoxins 
(Prx), catalases, and glutathione peroxidases (Gpx) as they target two of the most prevalent 
ROS, superoxide and hydrogen peroxide (Figure 1.4).  
 
 
Figure 1.4: An overview of the detoxification stage of cellular defense. Superoxide 
dismutase converts superoxide to hydrogen peroxide, which is detoxified by peroxiredoxins, 
catalases, and glutathione peroxidases. The hydroxyl radical is formed as an intermediate of 
hydrogen peroxide detoxification and is subsequently detoxified by glutathione. 
1.4.1 Superoxide dismutase 
There are a number of SODs in cells, which are named according to the metal cofactor 
found in the active site, e.g., CuZnSOD, FeSOD, MnSOD and NiSOD (Kernodle and 
Scandalios, 2001; Banerjee et al., 2008; Ighodaro and Akinloye, 2018). MnSOD, which is 
also called SOD2, is located in the mitochondria in higher eukaryotes and is of particular 
interest as the mitochondria are a major source of superoxide (O2-●) (Indo et al., 2015).  
The function of superoxide dismutase is to catalyze the conversion of two superoxide 
molecules to molecular oxygen and hydrogen peroxide (H2O2) (Figure 1.5) which is then 
converted to water by catalase and peroxidases (Haeng-Im et al., 2002; Ighodaro and 
Akinloye, 2018), (see sections 1.4.2 and 1.4.3 below). SOD catalyzes the dismutation of 
superoxide at a rate constant of approximately 109 M-1s-1 which is significantly higher than 
spontaneous dismutation rate of 105 M-1s-1 (Azadmanesh and Borgstahl, 2018).  
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𝟐𝑶𝟐
● +  𝟐𝑯𝟑𝑶  
𝑺𝒖𝒑𝒆𝒓𝒐𝒙𝒊𝒅𝒆 𝑫𝒊𝒔𝒎𝒖𝒕𝒂𝒔𝒆
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯  𝑶𝟐 +  𝑯𝟐𝑶𝟐 + 𝟐𝑯𝟐𝑶      
Figure 1.5: Overall reaction catalyzed by superoxide dismutase. Superoxide dismutase 
catalyzes the reaction between two molecules of superoxide, resulting in the formation of 
molecular oxygen, hydrogen peroxide and two molecules of water. 
Saccharomyces cerevisiae mutants lacking cytosolic SOD1 and mitochondrial SOD2 
have decreased growth and increased basal mutation rates when compared to wild-type cells 
(Das et al., 2018). Previous studies have shown that while SOD2 makes up only 10% of the 
total yeast SOD, cells lacking SOD2 were highly sensitive to oxygen and ethanol (Longo et 
al., 1999). However, more recent studies have demonstrated that the SOD1 is responsible for 
the majority of SOD activity. A study comparing wild-type and mutant mice lacking SOD1 
and found that SOD1 knockout mice aged significantly faster than wild-type mice and had a 
30% decrease in lifespan (Muller et al., 2006). The protein carbonyls present in the skeletal 
muscle plasma increased by 45% in the SOD1 mutant mice when compared with the wild 
type mice (Muller et al., 2006; Deepa et al., 2019). 
Glutathionylation is a post-translational modification that is promoted by oxidative 
stress (discussed below) and can reduce the activity of proteins (Yamakura and Kawasaki, 
2010). To investigate the impact of glutathionylation on the dimeric stability of SOD1, Wilcox 
et al (2009), used size exclusion chromatography to compare normal and glutathionylated 
SOD1 from human erythrocytes. It was found that glutathionylation promoted the formation 
of SOD1 dimers and thus led to the aggregation associated with familial amyotrophic lateral 
sclerosis (FALS), a fatal disease characterized by motor neuron loss (Wilcox et al., 2009; 
Yamakura and Kawasaki, 2010).    
1.4.2 Peroxiredoxins 
Peroxiredoxins are a family of cysteine-based enzymes found across all kingdoms, 
with the shared active site motif PxxTxxC (Wong et al., 2004; Perkins et al., 2015). 
Peroxiredoxins exist in six evolutionary subfamilies (Prx1, Prx5, Prx6, Tpx, PrxQ, and 
AhpE); all six are present in prokaryotes whilst only Prx1, Prx5, Prx6, and PrxQ subfamilies 
are present in eukaryotes. In simple eukaryotes, such as the model organism 
Schizosaccharomyces pombe, there is one peroxiredoxin, while in the budding yeast S. 
cerevisiae there are five, four of which bear strong similarity with four of the six mammalian 
peroxiredoxins (Wong et al., 2004). Peroxiredoxins are responsible for protection from 
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oxidative stress, being one of the two major enzymatic defenses against H2O2 with the other 
being catalase. 
In terms of defense, peroxiredoxins have been shown to reduce up to 90% of cellular 
peroxides, due to their high concentrations and reactivity (106-108 M−1 s−1) (Peskin et al., 
2007). Peroxiredoxins possess a tertiary structure that allows the active site to be highly 
specific to hydrogen peroxide which facilitates their ability to be effective at nanomolar 
concentrations of hydrogen peroxide (Peskin et al., 2007; Trujillo et al., 2007; Winterbourn, 
2008).  
The conserved active site cysteine residue on peroxiredoxins is known as the 
peroxidatic cysteine (CP) (Rhee, 2016) and is oxidized by hydrogen peroxide, resulting in the 
formation of cysteine sulfenic acid, which then reacts with another cysteine, known as the 
resolving cysteine (CR) to form two molecules of water and a disulfide (Figure 1.6). The 
inactive enzyme is reduced by thioredoxin and thioredoxin reductase (Peskin et al., 2013a; 
Rhee, 2016)  
 
 
Figure 1.6 Mechanism of hydrogen peroxide detoxification by typical 2-cys 
peroxiredoxins. The peroxidatic cysteine (Cp) is oxidized by hydrogen peroxide and reacts 
with the resolving cysteine (Cr) resulting in the formation of water and a disulfide. Thioredoxin 
reduces the disulfide to reactivate the peroxiredoxin. Adapted from Sharapov et al (2014). 
The effect of deleting all five Prxs and three glutathione peroxidases in S. cerevisiae 
was compared with wild type and a number of different single peroxiredoxin delete strains 
(Kaya et al., 2014). These strains were grown on complex media and DNA was isolated and 
sequenced using Illumina sequencing. When compared with the wild type sequence, 2633 
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point mutations were observed in the yeast strain lacking all peroxiredoxins and peroxidases 
but only 24 in the strain lacking glutathione peroxidase and 91 in the strain lacking all five 
peroxiredoxins (Kaya et al., 2014). This work also showed that yeast strains lacking all five 
peroxiredoxins were more sensitive to ROS but were still viable due to the effects of other 
antioxidants, such as catalase (Wong et al., 2004).   
 
1.4.3 Catalase 
Catalases are 240 kDa enzymes that comprise four subunits of 60 kDa, each of which 
contain ferroprotoporphyrin (Ighodaro and Akinloye, 2018). Present in all living organisms 
that utilize oxygen, catalase is one of the most prolific antioxidants. Human erythrocytes, in 
particular, contain catalase to protect them from hydrogen peroxide formed during 
hemoglobin autooxidation. Erythrocytes can also protect other cells from hydrogen peroxide 
damage by absorbing it and allowing the catalase to process it (Halliwell and Gutteridge, 
2015; Morabito et al., 2019).  
Catalase requires an iron cofactor to catalyze the degradation of hydrogen peroxide 
into molecular oxygen and water (Ighodaro and Akinloye, 2018). Exposure to a hydrogen 
peroxide molecule results in the oxidation of the heme group in the catalase, leading to the 
formation of a porphyrin cation. The enzyme is returned to resting-state by a second hydrogen 
peroxide molecule, which acts as a reducing agent and results in the production of water and 
oxygen (Figure 1.7) (Ighodaro and Akinloye, 2018). Unlike peroxiredoxins, catalase works 
to directly decompose two molecules of hydrogen peroxide to two molecules of water and 
oxygen (Aebi, 1984). Catalases have a much lower affinity for hydrogen peroxide than Prxs 
and are most effective at high concentrations of hydrogen peroxide, which is why Prxs are 
responsible for the majority of hydrogen peroxide detoxification under normoxic conditions 
(Rhee et al., 2005; Rhee, 2016). 
 
𝟐𝑯𝟐𝑶𝟐  
𝑪𝒂𝒕𝒂𝒍𝒂𝒔𝒆
⎯⎯⎯⎯⎯  𝟐𝑯𝟐𝑶 + 𝑶𝟐 
Figure 1.7: Decomposition of hydrogen peroxide by catalase. Catalase catalyzes the 
decomposition of two molecules of hydrogen peroxide into two molecules of water and 
molecular oxygen. 
Catalase deficiency, acatalasemia or hypocatalasemia, has been associated with an 
increase in Type 2 diabetes, reflecting the sensitivity of pancreatic β cells to hydrogen 
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peroxide, which is produced by the mitochondria in β cells (Goth and Eaton, 2000). This was 
confirmed in a mouse study, which showed that catalase deletion resulted in prediabetic 
conditions in mice (Heit et al., 2017). Specifically, catalase knockout mice showed impaired 
glucose tolerance, increased fasting serum insulin levels and increased obesity, all of which 
are consistent with pre-diabetes (Heit et al., 2017). 
  
1.4.4 Glutathione peroxidase 
 
Figure 1.8: Glutathione peroxidase catalyzes the reduction of hydrogen peroxide to 
water. The glutathione peroxidase relies on reduction by glutathione (GSH), which leads to 
the formation of glutathione disulfide (GSSG), which is the oxidized form of glutathione. 
Glutathione reductase completes the system by reducing GSSG to GSH. Adapted from (Pinto 
et al., 2002). 
Glutathione peroxidase (Gpx) has a similar function to that of Prx, as it catalyzes the 
reduction of hydrogen peroxide to water (Figure 1.8) (Dayer et al., 2008). Gpx was discovered 
as an enzyme that protected human erythrocyte from oxidative damage (Mills, 1957). Gpx 
exists in in two forms – selenocysteine (SeCys)-Gpx, which contains a SeCys residue at the 
active site and is found in humans and most mammals, and non-selenocysteine (NS)-Gpx, 
which has a cysteine residue in the active site and is found in yeasts, plants and some animals 
(Dayer et al., 2008). SeCys-Gpx is reduced by reduced glutathione whilst NS-Gpx, the Gpx 
in yeast is reduced by thioredoxin, making NS-Gpx even more similar to Prx (Tanaka et al., 
2005). GPx deficiency can result in the development of vascular oxidative stress and cancers, 
and this is believed to be due to the oxidative damage to both functional proteins and 
membrane fatty acids (Ighodaro and Akinloye, 2018). 
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1.5 Adaptive response 
Adaptation, which occurs in conjunction with detoxification, includes both 
transcriptional and post-translational modifications such as glutathionylation. (Sies, 2018). 
These adaptive responses allow cells to adapt to the presence of ROS by two mechanisms: (i) 
activating the transcription factors required for defense system activation by redox signaling 
and (ii) by protecting vulnerable protein components from damage. 
1.5.1 Redox signaling 
Redox signaling pathways play important roles in cell proliferation, DNA synthesis 
and apoptosis. Briefly, cell signaling is defined as being a process by which information is 
transmitted into the nucleus to allow for important biological functions, usually in response 
to the external stimuli, to occur (Arkun and Yasemi, 2018). Below, three types of redox 
signaling are considered: direct sensor signaling, sensor-mediated signaling and indirect 
signaling which form part of the cellular response to ROS and oxidative stress (Pillay et al., 
2016).  
1.5.1.1 Direct sensor signaling 
Direct sensor signaling is an adaptive response that occurs when the transcription 
factor is directly oxidized; the classic example of this is the oxidation of E. coli transcription 
factor, OxyR (Åslund et al., 1999). Briefly, OxyR is activated when exposed to hydrogen 
peroxide, which causes the formation of an intramolecular disulfide bond between cysteine 
residue 199 and 208 (Åslund et al., 1999). OxyR is responsible for activating the transcription 
of the genes for antioxidant defense systems, such as glutathione reductase, glutaredoxin 1, 
and hydroperoxidase 1 and catalase (Netto and Antunes, 2016). It was shown that 
glutathionylation is also a mechanism of OxyR activation and OxyR is deactivated when it is 
reduced by glutaredoxin 1 (Kim et al., 2002).  
1.5.1.2 Sensor-mediated signaling 
Sensor-mediated signaling involves the presence of a sensor molecule that becomes 
oxidized by hydrogen peroxide for example, and is then responsible for activating a 
transcription factor (Pillay et al., 2016). In addition to their role in directly detoxifying 
hydrogen peroxide, peroxiredoxins play this role in the adaptive response to ROS through the 
regulation of cell signaling (Perkins et al., 2015). An example of this is the thiolperoxidase 1 
(Tpx1)–Pap1 pathway in S. pombe (Paulo et al., 2014). Tpx1 is a member of the peroxiredoxin 
family which is present in S. pombe and when oxidized, transmits oxidizing equivalents to 
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Pap1 an AP 1-like transcription factor which initiates the transcription of antioxidant genes 
(Figure 1.9). Pap1 activation is most effective over low to intermediate concentrations of 
hydrogen peroxide (~0.2 mM-1 M), However, at higher concentrations of hydrogen peroxide, 
Pap1 activation is delayed by ~30 minutes as Tpx1 becomes hyperoxidized (Vivancos et al., 
2005). 
 
 
 
 
 
 
Figure 1.9 Model of the Pap1 activation pathway in low versus high hydrogen peroxide 
conditions. Under low concentrations of hydrogen peroxide (left), the inactive Pap1 becomes 
oxidized and activated by the oxidized Tpx1, initiating an antioxidant stress response. 
However, in the presence of high concentrations of hydrogen peroxide, Tpx1 becomes 
hyperoxidized and the Sty1 general stress response pathway is activated, leading to the 
activation of sulfiredoxin (Vivancos et al., 2005) (Copyright permission granted by PNAS). 
1.5.1.3 Indirect signaling 
Indirect signaling is a secondary redox signaling mechanism. An example of this type 
of signaling is when significant peroxiredoxin oxidation leads to concomitant thioredoxin 
oxidation, resulting in a signaling event. An example of indirect redox signaling is the 
mammalian apoptosis signal-regulating kinase-1 (ASK1)/thioredoxin (Trx) pathway. ASK1 
is a stress signaling complex that responds to increased ROS in the cellular environment and 
it is inhibited by Trx1, which is an important antioxidant. Under normal conditions, Trx1 is 
attached to ASK1 but under oxidative stress, Trx1 becomes oxidized by Prx1 and is detached 
from ASK1. This results in the formation of ASK1-ASK1 oligomers and the activation  of the 
ASK1 signaling cascade, leading to apoptosis (Latimer and Veal, 2016). 
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1.5.2 Glutathione and glutathionylation 
Glutathione (GSH) is an abundant low molecular weight thiol antioxidant, existing in 
most eukaryotes and Gram-negative bacteria. GSH is comprised of the tripeptide γ-L-
glutamyl-L-cysteinyl-glycine and is synthesized in a two-step process, with the first step being 
the formation of a peptide bond between glutamate and cysteine catalyzed by glutamate-
cysteine ligase. The second step, catalyzed by glutathione synthetase, is the addition of the 
glycine residue (Figure 1.10) (Morris et al., 2014a; Giustarini et al., 2016). Interestingly, there 
are alternative low molecular weight thiols present in some organisms, for example 
Trypanosoma brucei synthesizes trypanothione by cross-linking two GSH molecules with 
spermidine while mycothiol is utilized by most Actinomycetes, including Mycobacterium 
tuberculosis (Flohe et al., 1999; Hugo et al., 2018; Reyes et al., 2018).  
Figure 1.10: Synthesis of glutathione by γ-glutamate-cysteine ligase & glutathione 
synthetase. The two-step process of glutathione synthesis requires two molecules of ATP, the 
amino acids glutamate, cysteine and glycine, and enzymes γ-glutamate-cysteine ligase & 
glutathione synthetase. Adapted from (Giustarini et al., 2016). 
Under normal conditions, intracellular glutathione exists predominantly in the reduced 
form, GSH, (Mieyal et al., 2008; Ballatori et al., 2009) with intracellular concentrations as 
high as 20 mM in E. coli and 13 mM in yeast (Deponte, 2017). This high intracellular 
concentration had led to GSH being considered the most important cellular redox buffer 
(Schafer and Buettner, 2001; Deponte, 2017). Upon oxidation, GSH becomes oxidized to 
GSSG as electrons are donated from the sulfur atoms of two GSH groups (Giustarini et al., 
2016). Thus, a decrease in GSH results in an increase in GSSG, which is why the GSH/GSSG 
ratio has been proposed as an indicator of redox state (Schafer and Buettner, 2001; Giustarini 
et al., 2016) and changes in this couple have been correlated with cell proliferation, 
differentiation and apoptosis (Ballatori et al., 2009).  
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Table 1.2 Consequences of the glutathionylation of some important proteins  
Protein Consequence Reference 
GAPDH Inhibition of enzyme activity (Ravichandran et al., 1994) 
Actin Decreased polymerization (Wang et al., 2001) 
STAT3 Inhibition of signaling (Xie et al., 2008) 
PTP1B Inhibited phosphatase activity (Barrett et al., 1999) 
c-jun, NFkBp50 Inhibition DNA biding (Klatt et al., 1999) 
Na (+)–K (+) pump Inhibition of pump activity (Deponte, 2017) 
 
Numerous in vitro studies have shown that oxidative stress can lead to the peroxidatic 
cysteine of peroxiredoxins becoming glutathionylated (Radyuk and Orr, 2018). For example, 
it was shown that in vitro exposure to hydrogen peroxide could result in the glutathionylation 
of Prx2 (Peskin et al., 2016). In vivo studies have since showed an accumulation of 
glutathionylated Prx2 in mice lacking glutaredoxin 1 (Peskin et al., 2016; Radyuk and Orr, 
2018). There are a number of human pathologies that result from glutathionylation including 
iron deficiency anemia where hemoglobin is glutathionylated, Alzheimer's disease in which 
glutathionylated targets include enolase and GAPDH, and atherosclerosis where serum 
proteins become glutathionylated. The glutathionylation of serum proteins in individuals with 
atherosclerosis was shown in a study that took serum samples from 41 patients previously 
diagnosed with atherosclerosis and subjected the sample to detection by biotin glutathione S-
transferase on blotted membranes. Statistical analysis revealed a significant increase in 
glutathionylated serum proteins in patients diagnosed with atherosclerosis when compared 
with the control group (Nonaka et al., 2007).  
There is still debate around why GSH is so important for cell survival, including the 
proposal that in certain organisms, such as yeast, GSH is vital for iron-sulfur cluster formation 
and not for antioxidant defense (Deponte, 2017; Toledano and Huang, 2017). There is also 
still debate about the reason for the high concentrations of GSH present in the cell (Deponte, 
2017). The contradictory data has led us to ask whether the high concentrations of GSH may 
in fact be more important in the post-stress recovery stage of the cellular response, which is 
discussed in the subsequent sections. 
 
Table 1.1: Age-related decrease in glutathione levels 
Organism (Tissue) % Decrease in GSH Age Range Reference 
Rat (Brain) 25 4-17 months (Zhu et al., 2006) 
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Fruit Fly 36.5 2-27 days (Sohal et al., 1990) 
Human (Erythrocyte) 7.03 40-69 years (Gil et al., 2006) 
Human (Whole Blood) 15.99 40-69 years (Erden‐İnal et al., 2002) 
 
A decrease in cellular GSH in humans results in an increased potential for 
inflammation as well as lower levels of DNA synthesis and cell proliferation, especially in 
human lung and heart tissue (Rahman and MacNee, 2000; Kamruzzaman et al., 2019) . Of 
relevance to this study, GSH depletion results in increased levels of oxidative stress and 
mitochondrial dysfunction – both of which are associated with a number of neuroimmune 
disorders such as depression and Parkinson’s disease, age-related diseases such as glaucoma 
and age-related cataracts, viral infections such as HIV, cardiovascular disease and diabetes 
(Mieyal et al., 2008; Morris et al., 2014a). Interestingly, cancer cells appear to have increased 
levels of GSH which could potentially aid these cells in avoiding apoptosis. During 
chemotherapy GSH-blockers are therefore given to reduce the protective effects of GSH on 
the cancer cells as well as the detoxifying effects of GSH on chemotherapeutic drugs 
(Ballatori et al., 2009). An intriguing correlation between aging and a decline in GSH level 
has been observed in a number of organisms (Table 1.1), and this relationship has long been 
used to argue that cells become increasingly more susceptible to ROS damage with age (Di 
Stefano et al., 2006). However, the significance of the decrease in glutathione is unclear due 
to the fact that glutathione is present in the millimolar range (Deponte, 2017). In addition, 
glutathione is expected to play a very limited role in the detoxification of ROS due to its 
limited reactivity with ROS such as hydrogen peroxide (0.87 M−1 s−1) especially considering 
that specialist redox enzymes such as peroxiredoxins and catalases are far more reactive with 
rates of up to 106-108 M−1 s−1 for peroxiredoxins (Winterbourn and Metodiewa, 1999; Peskin 
et al., 2007; Giustarini et al., 2016; Deponte, 2017).  
The pathologies associated with GSH depletion are likely to due to dysregulation of 
protein-S-glutathionylation, a process which involves the addition of GSH to a cysteine 
residue of a protein in the presence of ROS (Figure 1.11). The process results in the formation 
of a protein mixed disulfide and thereby protecting sensitive thiol residues from oxidative 
damage (Mieyal et al., 2008; Morris et al., 2014a). In order for a thiol modification to be 
defined as protein-S-glutathionylation it must: (1) occur at a specific site and alter the activity 
of the affected protein; (2) occur under physiologically relevant conditions (i.e. high 
GSH/GSSG ratio); (3) elicit a physiological response to stimulus; (4) be rapid and efficient; 
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and lastly, (5) have a rapid and efficient mechanism of reversal (Mieyal et al., 2008). 
Interestingly, two broad mechanisms for protein-S-glutathionylation with a number of 
intermediates have been proposed (Figure 1.11) (Mieyal et al., 2008). The first proposed 
mechanism for protein-S-glutathionylation is the thiol-disulfide exchange mechanism, 
whereby oxidized glutathione combines with reduced protein (Reaction 1, Figure 1.11). The 
second ROS-mediated mechanism involves the formation of a number of different 
intermediates which such as sulfenic acid, sulfanilamide, thiyl radical, thiosulfinate or S-
nitrosyl modification (Figure 1. 11) (Mieyal et al., 2008). In subsequent years, the dependence 
of glutathionylation on the availability of GSH has been reinforced, but the exact mechanism 
of glutathionylation remains to be elucidated (Cha et al., 2017). 
 
 
Figure 1.11: Potential mechanisms for protein-S-glutathionylation. Proposed mechanisms 
are (1) thiol-disulfide exchange, and via the formation of a number of potential intermediates, 
(2) sulfenic acid, (3) sulfanilamide, (4) thiyl radical, (5) thiosulfinate and (6) S-nitrosyl 
respectively (Meiyal et al., 2008). (Copyright permission granted by Mary Ann Liebert Inc.)  
 
Protein-S-glutathionylation of proteins occurs in two classes, for example, activating, 
occurring in mitochondrial complex II, HIV-1 protease and OxyR, and deactivating,  
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occurring in protein kinase A and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
(Lind et al., 1998; Humphries et al., 2002; Morris et al., 2014b). Table 1.2 highlights the 
importance of deglutathionylation where glutathionylation results in inhibition of activity 
(e.g.) glutathionylation of GAPDH prevents the enzyme from catalyzing the dehydrogenation 
of glyceraldehyde-3-phosphatase during glycolysis, which has detrimental effects on glucose 
metabolism (Cotgreave et al., 2002) and GAPDH inhibition has been associated with the 
development of insulin resistance, a precursor to diabetes (Wentzel et al., 2003; Sirover, 
2017). In addition, accumulation of glutathionylated GAPDH has been observed in brain 
tissue of individuals with Alzheimer’s disease (Newman et al., 2007). 
 
1.6 Post stress recovery 
Post-stress recovery or repair takes place, as the name suggests, once the oxidative 
stress has begun to dissipate. The need for a repair system is largely due to the deactivating 
effect that many of the oxidants and antioxidants have on cell components like proteins. Post-
stress recovery systems facilitate the reactivation of proteins, often by undoing post-
translational modifications that occur as a cellular adaptation strategy. Two major systems 
were considered in this study, namely the methionine sulfoxide reductase and 
glutaredoxin/glutathione systems. 
1.6.1 Methionine sulfoxide reductase 
Methionine is an essential amino acid that is not synthesized by mammals (Tarrago 
and Gladyshev, 2012). Methionine residues on proteins can be readily oxidized by ROS, such 
as the hydroxyl radical, superoxide, hypochlorous acid, and hypobromous acid, to form 
methionine sulfoxide (MetO) in two isoforms- R or S (Tarrago and Gladyshev, 2012).  
Methionine sulfoxide reductase (Msr) was isolated in E. coli in 1980 as part of a study which 
discovered the system responsible for restoring protein activity to proteins with oxidized 
methionine residues. Methionine sulfoxide reductase is an enzyme vital to the regulation of 
redox homeostasis, with MsrA enzymes reducing S isoforms, whilst R isoforms are reversed 
by MsrB enzymes (Moskovitz et al., 2001). Initially, thioredoxin and thioredoxin reductase 
were thought to be solely responsible for this restoration (Porqué et al., 1970; Achilli et al., 
2015). Subsequently, methionine sulfoxide reductase was discovered in almost all forms of 
life, with the exception of a small number of hyperthermophiles and parasites (Tarrago and 
Gladyshev, 2012). Interestingly in humans, methionine sulfoxide reductases are more 
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concentrated in cells exposed to high levels of ROS, such as the immune cells macrophages 
and neutrophils (Brot et al., 1984; Moskovitz et al., 2000). 
The fact that methionine is readily oxidized has led to the suggestion that methionine 
sulfoxide reductase could have three functions, firstly as a ROS scavenging antioxidant, 
secondly as a regulator of critical enzyme function and lastly, as a repair system that aims to 
keep methionine residues in the reduced form (Moskovitz et al., 1997; Moskovitz et al., 2001). 
MsrA is able to reduce both free MetO and protein-bound MetO, suggesting that the enzyme 
is also responsible for reclaiming methionine, which may be important for cell survival as 
both S. cerevisiae and E. coli mutants lacking msrA showed a reduced survival rate  
(Moskovitz et al., 2001).  
MsrA gene deletion studies have been undertaken in numerous eukaryotic organisms, 
including yeast, Caenorhabditis elegans and mice, and all have shown increased oxidative 
damage and significantly decreased lifespans (Tarrago and Gladyshev, 2012). By contrast, 
MsrB knockout organisms were less sensitive to its depletion, For example, Le et al., 
compared the hydrogen peroxide sensitivity in yeast cells and found that MsrA knockouts were 
more sensitive to the oxidant than the similarly sensitive MsrB knockout cells and wild-type 
yeast cells were (Le et al., 2009). 
1.6.2 Glutaredoxins  
Glutaredoxins (Grxs) are small (9-14 kDa), heat-stable, GSH-dependent 
oxidoreductases, and were first discovered as hydrogen donors for ribonucleotide reductase 
(RNR) (Holmgren, 1976, 1989; Grant, 2001). Ribonucleotide reductases catalyze the 
synthesis of deoxyribonucleoside diphosphates, which are the precursors to DNA building 
blocks, deoxyribonucleoside triphosphates (Chen et al., 2019). This reaction requires 
electrons which are usually provided by dithiol donors. Originally, thioredoxin was believed 
to be the primary donor until a study testing the impact of E. coli mutant cells lacking 
thioredoxin showed that the ribonucleotide reductases were still functioning which led to the 
discovery of glutaredoxins (Holmgren, 1976). Glutaredoxins are present in eukaryotes, 
including both plants and animals, prokaryotes, and certain viruses (Fernandes and Holmgren, 
2004).  
Glutaredoxins are part of the thioredoxin (Trx) family and therefore share the common 
Trx-fold structure, hallmarks of which are a cis-proline residue located prior to β-sheet three 
and the C-x-x-C active site motif located on the loop connecting β-sheet one and α-helix one. 
When compared to thioredoxins, glutaredoxin shows a significant affinity for GSH (Holmgren 
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et al., 2005; Berndt et al., 2008b). Despite this common Trx motif, two types of glutaredoxins 
exist, monothiol and dithiol glutaredoxins, which are defined by their active sites (Molina et 
al., 2004). In monothiol glutaredoxins one of the active site cysteines is replaced with a serine 
residue and the most commonly occurring active site mutant is cysteine-glycine-
phenylalanine-serine (C-G-F-S) (Toledano et al., 2007; Berndt et al., 2008a). Dithiol 
glutaredoxins have both active site cysteines and most commonly contain a cysteine-proline-
tyrosine-cysteine (C-P-Y-C) active site (Holmgren, 1989; Toledano et al., 2007). 
Glutaredoxin amino acid sequences are highly homologous amongst various species, which 
allows one to study glutaredoxin mechanisms in less complex organisms and then extend this 
analysis to higher eukaryotes (Kalinina et al., 2008).  
Since their original discovery as hydrogen donors to RNR in E. coli cells lacking 
thioredoxin, glutaredoxins have also been shown to play a role in sulfur metabolism, protein 
folding, reduction of dihydroascorbate, repairing of oxidative damage in proteins, regulation 
of transcriptional, metabolic and structural processes (Grant, 2001). However, the most 
important function of glutaredoxins appears to be deglutathionylation – the reduction of 
glutathionylated mixed disulfides, using a mechanism that, in principle, requires only the N-
terminal active site cysteine (Berndt et al., 2008a). Deglutathionylation restores functionally 
active thiols, and Grx1 has been shown to deglutathionylate important human proteins such 
as hemoglobin, nuclear factor 1, and Ras (Figure 1.12) (Chrestensen et al., 2000).  
 
 
Figure 1.12: Deglutathionylation restores activity to proteins. Deglutathionylation, the 
removal of glutathione residues from proteins, is a process catalyzed by glutaredoxins which 
results in the reactivation of proteins inactivated by glutathionylation. 
 
The main role of glutaredoxin is to remove glutathione from glutathionylated proteins, 
and the importance of glutaredoxin in this role has been shown in numerous studies (Mailloux 
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et al., 2020). However, it has also been shown that under oxidative stress conditions and the 
presence of excess glutathione thiol,  the glutaredoxin reverses it’s usual deglutathionylation 
activity and begins adding glutathione to vulnerable cysteine residues and therefore 
glutaredoxin may play a role in glutathionylation as well (Liao et al., 2010) as  mutants lacking 
glutaredoxin showed decreased levels of glutathionylation under stressed condition (Liao et 
al., 2010). The implication of this is that glutaredoxins may play a role in both defense and 
post-stress recovery or repair. The deglutathionylation activity of glutaredoxin is discussed in 
Chapter 2. 
 
1.7 Research question 
The deglutathionylation activity of glutaredoxin is an important post-oxidative stress 
recovery/repair system and we hypothesized that this activity is regulated kinetically by the 
availability of GSH in the system. Secondly, we hypothesized that aging cells would have 
decreased GSH and consequently their glutaredoxin systems would be less effective. We 
would therefore expect higher levels of glutathionylated proteins in these cells. The aims and 
objectives associated with each of these hypotheses is explained in the chapters that follow, 
where we tested these hypotheses with computational modeling and in vivo assays. 
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Chapter 2: Kinetic modeling of the 
glutaredoxin/glutathione system 
 
2.1 Introduction 
The complex connectivity of redox systems can make their activity difficult to predict 
which has prompted researchers to utilize computational modeling as an efficient and cost-
effective tool to test hypotheses on these systems. A good model provides two crucial 
functions – the ability to assess consistency within wet-lab data and to facilitate accurate 
prediction of the behavior of a system. However, a correct model must be based on known 
reactions and kinetic parameters obtained through wet-lab experimentation and the model’s 
predictive value and integrity should be validated by being compared to realistic datasets 
(Pillay et al., 2013; Conway, 2019; Medley, 2019). Before a model can be designed or chosen, 
a schematic diagram of the system is usually used to guide model development (Figure 2.1). 
 
Figure 2.1: Schematic model of the glutaredoxin/glutathione system. The reactions (from 
top down): reaction 1 is the reduction of glutathione disulfide (GSSG) to reduced glutathione 
(GSH) by glutathione reductase, which requires NADPH. Reaction 2 is the reduction of 
glutaredoxin disulfide (GrxSS) to reduced glutaredoxin (Grx(SH)2) by reduced glutathione. 
Reaction 3 is the reduction of protein mixed disulfide (PSSG) to reduced protein (PSH) and 
glutathione (GSH) by reduced glutaredoxin (Grx(SH)2). (Adapted from Pillay et al., 2009). 
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Although the glutaredoxin/glutathione reaction scheme only appears to involve three 
reactions, the kinetic mechanism for glutaredoxin activity have been an area of dispute which 
has resulted in discrepancies in model formulation. It is crucial that the correct model is used 
for analyses to ensure that the model’s output is valid. Previous work by our group used the 
glutaredoxin/glutathione schematic diagram (Figure 2.1) to build a reaction scheme for this 
system: 
Scheme I: 
 𝐺𝑆𝑆𝐺 +  𝑁𝐴𝐷𝑃𝐻 →  2𝐺𝑆𝐻 +  𝑁𝐴𝐷𝑃               (1) 
    𝐺𝑟𝑥𝑆𝑆 +  2 𝐺𝑆𝐻 →  𝐺𝑟𝑥𝑆𝐻 +  𝐺𝑆𝑆𝐺    (2) 
                   𝐺𝑟𝑥𝑆𝐻 +  𝑃𝑆𝑆𝐺 →  𝐺𝑟𝑥𝑆𝑆 +  𝑃𝑆𝐻 +  𝐺𝑆𝐻    (3) 
It was previously determined that reduction of glutathione disulfide by glutathione 
reductase (reaction 1) was irreversible and that the subsequent reactions, reduction of 
glutaredoxin disulfide by reduced glutathione (2) and deglutathionylation of the protein 
disulfide by reduced glutaredoxin (3) should be modeled using mass action kinetics, rather 
than Michaelis-Menten kinetics (Pillay et al., 2009). This approach was validated by fitting to 
an in vitro dataset (Figure 2.2A) and the resulting model was able to predict independent 
kinetic datasets (Figure 2.2 B & C) (Pillay et al., 2009). Thus, this kinetic model was 
determined to be an accurate representation of the glutaredoxin/glutathione system. 
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Figure 2.2: Comparison of kinetic model of glutaredoxin-dependent deglutathionylation 
of a protein disulfide (PSSG) (Scheme I) and an in vitro dataset. (A)The kinetic model was 
fitted to an in vitro dataset for E. coli glutaredoxin kinetic activity. The kinetic model was able 
to predict the independent datasets for Grx1 (B) and glutathione (C) not used in the original 
fitting experiment  (Pillay et al., 2009).  
The kinetic model used in Scheme I was based on the dithiol mechanism as opposed to the 
monothiol mechanism for deglutathionylation by glutaredoxins. The dithiol mechanism 
(Figure 2.3A), relies on both the N and C terminal cysteines of the glutaredoxin. The N-
terminal cysteine of the reduced glutaredoxin reacts with the glutathionylated protein or 
PSSG, which leads to the formation of a mixed disulfide. The mixed disulfide reacts with the 
C-terminal cysteine, which separates the protein from the glutathione and leaves an 
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intramolecular disulfide glutaredoxin (GrxSS). In the last step of the dithiol reaction, GrxSS 
is reduced by two glutathione molecules (Figure 2.3A) (Holmgren et al., 2005). The 
monothiol mechanism, which was originally believed to be the true kinetic mechanism of 
deglutathionylation by glutaredoxins (Mieyal et al., 2008; Deponte, 2013; Lillig and Berndt, 
2013; Mashamaite et al., 2015b), involves selective double displacement and only requires 
the N-terminal cysteine to react with the PSSG to form GrxSSGSH, which is reduced by 
glutathione (Mieyal et al., 2008). Interestingly, the dithiol reaction required two molecules of 
glutathione whilst the monothiol reaction appeared to require only one molecule. However, 
the monothiol mechanism also included a non-productive ‘side-reaction’ and once this 
reaction was taken into account, the two mechanisms were identical (Mieyal et al., 2008; 
Mashamaite et al., 2015b). Mashamaite et al (2015) also provided an explanation for the 
numerous other discrepancies between the dithiol and monothiol mechanisms. For example, 
the discrepancies in the double reciprocal patterns obtained for glutaredoxin activity was 
explained by the reversibility of deglutathionylation reaction for some substrates and not 
others (Mashamaite et al., 2015a).  
 
 
 
 
 
 
 
 
 
 
 
Figure 2.3: The two opposing mechanisms of glutaredoxin activity. The dithiol mechanism 
(A) involves the formation of disulfide intermediate which was regarded as the product of a 
non-productive reaction in the monothiol mechanism (B). However, once this reaction was 
taken into account, both mechanisms were in fact identical. (Mashamaite et al., 2015)  
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Subsequent to this paper, work by the Deponte group still continued to describe the 
monothiol ping-pong mechanism as the true mechanism of glutaredoxin activity which raised 
the question about the correctness of dithiol model (Begas et al., 2017; Deponte, 2017; 
Liedgens and Deponte, 2018). In order to resolve this, it was necessary to reassess the two 
competing models for glutaredoxin activity -the monothiol “ping-pong” (Reaction 4) and the 
dithiol (Scheme I) mechanisms (Cleland, 1963).  
                                                 𝑣 =  
𝑉𝑚𝑎𝑥
 𝑘𝑥
𝑋
+
𝑘𝑦
𝑌
                                    (4) 
In general terms, a ping-pong reaction is defined as a reaction with two substrates, a 
reaction intermediate (in this case, a covalently modified enzyme), two enzyme-substrate 
complexes and two products (Cleland, 1963; Srinivasan et al., 1997; Deponte, 2017). The 
ping-pong model for glutaredoxin activity advocates that the protein (substrate) becomes 
deglutathionylated and is released during the oxidative half-reaction and a glutaredoxin mixed 
disulfide is formed (Figure 2.4). Following this, glutaredoxin is reduced by free reduced 
glutathione (GSH) (Begas et al., 2015).  
’ 
Figure 2.4: Ping-pong mechanism of deglutathionylation by glutaredoxin. In the oxidative 
half-reaction, the glutathionylated peptide (PSSG) is reduced by reduced glutaredoxin 
(GrxSH), resulting in the formation of the mixed disulfide (GrxSHSSG). GrxSH is recovered in 
the reductive half-reaction by the addition of one molecule of GSH. Figure based on Srinivasan 
et al (1997), Begas et al (2015) & Deponte et al (2017). 
The side reaction which results in the formation of GrxSS is considered unnecessary 
in this model (Deponte, 2013). This mechanism requires a single GSH molecule and only the 
N-terminal cysteine residue of the glutaredoxin active site. However, the predictive value of 
this model has not yet been tested, so it is difficult to assess its validity. In addition, the ping-
pong model does not provide an explanation for the high concentrations of GSH present in 
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the cell (Deponte, 2017). We therefore tested the validity of the ping-pong mechanism 
advocated by the Deponte group. 
We also hypothesized that the seemingly futile side reaction which forms GrxSS 
(Figure 2.3), may have functional significance as glutaredoxins could be temporarily 
inactivated during oxidative stress conditions (low GSH concentration). If glutaredoxins were 
active during oxidative stress conditions, their activity could expose labile thiol residues to 
ROS. Thus, ROS-dependent decreases in GSH concentrations could trap glutaredoxins in 
their oxidized, inactive form (GrxSS, Figure 2.3). Once the GSH levels recovered, the 
glutaredoxins could be active and proteins would be deglutathionylated during the post-stress 
recovery period. Therefore, this hypothesis could provide an explanation for the side-reaction 
which was considered to be redundant by some authors (Gallogly et al., 2008; Mieyal et al., 
2008; Deponte, 2013; Begas et al., 2017). In this chapter, computational modeling was used 
to test the hypothesis that glutaredoxin activity is regulated kinetically by the availability of 
GSH in the system. 
 
2.2 Methods 
Kinetic modeling was undertaken using Python Simulator for Cellular Systems 
(PySCeS) (http://pysces.sourceforge.net/) (Olivier et al., 2005). The models used were 
developed and validated previously by this group using published data (Pillay et al., 2009; 
Mashamaite et al., 2015a) and BRENDA database (available at: www.brenda-enzymes.org) 
(Jeske et al., 2018). Data points were taken from published figures using PlotDigitizer 
software (Huwaldt and Steinhorst, 2013).  
2.3 Results 
2.3.1 Systematic review of glutaredoxin datasets used for kinetics 
In most studies of glutaredoxin activity, the parallel line pattern observed in double 
reciprocal plots which was presumed to be indicative of the ping-pong mechanism 
(Tsopanakis and Herries, 1975). However, both Pillay et al (2009) and Mashamaite et al 
(2015) showed that this ping-pong pattern is simply a structural feature of redox systems with 
two moiety conserved cycles. Therefore, testing the ping-pong model required fitting it to 
experimental datasets and assessing the fitted model’s ability to predict independent datasets.  
Datasets were sourced by searching on BRENDA database and literature. However, 
many of the published datasets had limitations for kinetic analyses and were not suitable for 
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comparison. Common defects amongst datasets were the limited number of data points used 
to determine kinetic parameters and missing information such as concentrations used in 
specified assays (Table 2.1). Moreover, the effect of GSH, which is a major predicted 
difference in the ping-pong and dithiol models for glutaredoxin activity, was usually not 
assessed in these assays.  
 
Table 2.1: Examples of datasets unsuitable for fitting analysis 
Organism Problem Reference 
Plasmodium falciparum 
(Pf) 
Only showed impact of [GSH] on PfAOP* and not 
PfGrx 
(Djuika et al., 2013) 
S. cerevisiae Only 3 data points used for kinetic analysis  (Discola et al., 2009) 
S. cerevisiae Assay only used monothiol glutaredoxins which 
would obviously use the monothiol mechanism 
(Eckers et al., 2009) 
E. coli Only substrate used was arsenate (Shi et al., 1999) 
Homo sapiens All enzyme concentrations used in assays were not 
described 
(Gallogly et al., 
2008) 
*PfAOP is Plasmodium falciparum Antioxidant Protein and PfGrx is Plasmodium falciparum glutaredoxin. 
2.3.2 The ping-pong model cannot predict independent datasets 
The validity of any kinetic model is based on two key factors – a) consistency with 
the dataset it is being fitted to and b) predictive ability of the fitted model. Peltoniemi et al 
(2006) performed in vitro assays using a homogeneous glutathionylated peptide (PSSG), 
GSH, glutathione reductase, E. coli Grx1 and NADPH to measure the deglutathionylation 
activity of glutaredoxins. Deglutathionylation activity was determined directly by measuring 
the formation of deglutathionylated substrate using fluorescence with excitation 280 nm and 
emission 356 nm (Peltoniemi et al., 2006). The ping-pong model (Equation 4) was fitted to 
datasets obtained from Peltoniemi et al (2006) using Python and the model was able to fit to 
the PSSG, GSH and Grx datasets individually (Figure 2.5 A-C).  
 
 
28 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5: Data fitting using the ping-pong mechanism and data from Peltoniemi et al 
(2006). The experimental data (●) was fitted to the ping-pong equation 
((Vmax)/(1+(KPSSG/PSSG)+(KGSH/1000)), (solid line) for A) glutathionylated substrate 
(PSSG), B) GSH and C) GRX. The fitted parameters for these graphs are shown in Table 2.2. 
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Table 2.2 Parameters obtained from fitting Peltoniemi et al (2006) dataset to the ping-
pong equation 
 
 
 
 
*The enzyme concentration is changed in this dataset and therefore it is not possible to obtain a kcat or Vmax. 
Using the Peltoniemi et al (2006) PSSG, glutaredoxin (Grx1) and GSH datasets to the 
ping-pong model led to vastly different parameters from the fitting experiment (Table 2.2).  
The binding of the substrates to glutaredoxin was assumed to be independent (Cleland, 1963; 
Djuika et al., 2013) and therefore the fit was not assessed by identifiability analysis. This was 
surprising because of the similar enzyme and substrate concentrations used for these assays 
and the fitted parameters for the Grx dataset were appreciably smaller than the other fits.  
 
 Datasets 
Fitted parameters PSSG GSH Grx1 
kcat (s—1) 4587.4 48108.85 * 
KPSSG (µM) 7.811 12.841 6.862 x 10-6 
KGSH(µM) 31.876 15349.611 5.342 x10-6 
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Figure 2.6 Prediction of Peltoniemi datasets using the ping-pong model. The ping-ping 
model was fitted to the glutathionylated substrate (PSSG) dataset (A). The fitted parameters 
were used to predict independent datasets Grx (B) and GSH (C). 
Analogously to the modeling experiment undertaken for the dithiol model (Figure 
2.2), the predictive value of the ping-pong model was tested. Using the parameters from fitting 
the ping-pong model to PSSG (Figure 2.5A, Figure 2.6A, Table 2.1), it was possible to 
determine whether or not the ping-pong model would be able to independently predict Grx 
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and GSH datasets. However, and as expected from the fitting results (Table 2.2), it was clear 
that the fitted ping-pong model failed to show any predictive value (Figure 2.6).  
As the Peltoniemi et al (2006) dataset was an E. coli dataset, it could be argued that 
ping-pong model was only invalid for E. coli Grx1 and therefore we attempted to fit the ping-
pong model to a yeast glutaredoxin dataset (Figure 2.7) (Li et al., 2010). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.7 Data fitting using the ping-pong mechanism and data from Li et al (2010). The 
experimental data (●) plotted against the ping-pong equation (solid line) for A yeast Grx1 
(240 nM), HED vs Rate and B yeast Grx 2 (40 nM), HED vs Rate, with an enzyme. The fitted 
parameters for these graphs are included below (Table 2.3). 
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While the ping-pong model could fit the yeast Grx1 and Grx2 datasets, fitted 
parameters obtained (Table 2.2) for the glutathione Michaelis constant values were not in the 
range of other published values for this parameter, in which KGSH was 1.13 x 10-1 µM for 
Grx1 and 0.5µM for Grx2 (Li et al., 2010).  The inconsistencies and lack of predictive power 
observed when the ping-pong model was tested with both the yeast and E. coli datasets 
showed that the previously validated dithiol model (Scheme I & Figure 2.2) was a better 
model of glutaredoxin/glutathione system. 
Table 2.2 Parameters obtained from fitting Li et al., 2010 dataset to ping-pong equation 
 
 
 
 
 
2.3.3 Saturation of the redox cycles in the glutaredoxin/glutathione system 
As a first step to testing the hypothesis of glutaredoxin inactivation, steady state 
simulations were performed on the glutaredoxin system, using the dithiol model, to 
understand the performance and regulation of this system. Substrate saturation is an inherent 
property of redox systems and occurs when the activity of the redoxin is limited by either its 
rate of reduction or oxidation (Pillay et al., 2009). Therefore, studying saturation cycles of 
redox cycles can give insight into the properties of the system. In order to do this, the oxidized 
and reduced inputs into the system were perturbed in our fitted E. coli model. 
 
 
 
Fitted parameters Grx1 Grx2 
kcat (s—1) 0.005 0.023 
KPSSG (µM) 351.039 336.709 
KGSH (µM) 2.546 x10-6 -0.600 
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Figure 2.8: The effect of oxidative and reductive perturbations to glutathionylated 
protein and glutathione reductase on the flux and redox cycles in the 
glutaredoxin/glutathione system. The effect of increasing the glutathionylated protein 
(PSSG) in the system on the glutathione (A) and glutaredoxin (B) redox cycles as well as the 
flux (black) was analyzed. Increasing the glutathione reductase (GR) increased the reduction 
of the glutathione (C) and glutaredoxin (D) redox cycles and the flux (black) was apparently 
saturated as the PSSG became limiting. Note that the GSH/GSSG couple was plotted in log 
space because of the high concentration of the glutathione moiety couple. 
As the glutathionylated protein substrate was increased, glutaredoxin distributed into 
its oxidized form and the flux reached an apparent maximum, which is observed when the 
flux reaches a plateau . Glutathione reductase is the enzyme responsible for reducing GSSG 
to GSH which in turn allows for the reduction of glutaredoxin to its reduced form (Scheme I, 
Figure 2.1). Thus, when glutathione reductase (GR) was increased, the active form of 
glutaredoxin (GrxSH) also increased (Figure 2.8D). Thus, this glutaredoxin model was 
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consistent with other computational models of redoxin systems, such as the E. coli, fission 
yeast, human cells and red blood cell models, with reductive perturbations associated with 
reduction of the redoxin moiety cycle and vice versa (Pillay et al., 2009; Adimora et al., 2010; 
Benfeitas et al., 2014; Tomalin et al., 2016) 
 
Figure 2.9: Saturating the redox cycles in the reduction of GrxSS by glutathione. 
Increasing the total glutaredoxin (A) and glutathione (B) both resulted in increased active 
GrxSH. Reaction conditions: PSSG (5µM), GR (20nM) and NADPH (50µM).  
Glutathione is present at high intracellular concentrations but decreases during aging 
and other diseases (Table 1.1) and therefore the impact of total glutathione and total 
glutaredoxin perturbations were also analyzed (Figure 2.9). Increasing the total glutaredoxin 
in the system resulted in more than a fold-change increase in the activity of the 
deglutathionylation reaction. Consequently, this also resulted in an increase in the fraction of 
oxidized glutaredoxin (GrxSS) present in the system (Figure 2.9A). Increasing the total 
glutathione pool increased the flux and there was a negligible fold-change in the oxidized 
glutaredoxin (GrxSS) concentration in the system (Figure 2.9B, Supplementary Figure S2.1). 
This result contradicted our hypothesis that decreasing the total glutathione would result in a 
significant increase in GrxSS causing the system to be temporarily inactivated. However, it 
was interesting to note that an increase in GSH did result in an increase in the active 
glutaredoxin present in the system. In order to determine if changing these components could 
be relevant in regulating the system, the rate equation for Reaction 2 (Scheme I) was 
partitioned to determine the regulation of this system. 
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2.3.4 Flux partition reveals regulation of glutaredoxin by glutathione 
The concentration of glutathione was shown to have a significant impact on the system 
(Figure 2.9B) which is significant as the reduction of glutaredoxin has been shown to be rate 
limiting in these systems (Srinivasan et al., 1997; Mashamaite et al., 2015a). This reaction 
(Reaction 2, Scheme I) was described by the following expression: 
                      𝑣 =  (𝑘 ×  𝐺𝑟𝑥𝑆𝑆 × 𝐺𝑆𝐻 ) 1 −                            (5) 
                                         Γ =  
 × 
 × 
                                                       (6) 
The first half of equation 5 (red), is the capacity term which represents the inherent 
reactivity of the two substrates, while the second half (blue) is the thermodynamic component 
of the reaction. For clarity, the mass action term is shown in equation 6. These components 
were partitioned in order to determine the contribution of these components to the flux in the 
system. When the rate expression was partitioned, it was found that the capacity term was 
almost identical to the overall flux showing that this component of the reaction was limiting 
(Figure 2.10). The capacity term consists of k2 which is invariant at a given temperature and 
pressure, and oxidized glutaredoxin (GrxSS) which is determined by the rate of 
deglutathionylation. Note that the total concentration of glutaredoxin is an important 
parameter (Figure 2.9) but interestingly, there is no evidence of glutaredoxin upregulation 
during oxidative stress. Finally, the concentration of glutathione is also an important 
parameter and is present in high intracellular concentrations that appear to vary with age and 
oxidative stress. Collectively these results show that the overall deglutathionylation rate is 
sensitive to the available concentration of glutathione in the system (Figure 2.9 - 2.10). 
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Figure 2.10: Determining the contribution of the capacity and thermodynamic 
components to the flux in the glutaredoxin/glutathione system. The flux was partitioned 
into its capacity and thermodynamic components (equation 5) and plotted together with the 
flux (black). As PSSG was increased (A) the flux (black) was controlled by the capacity term 
(red), which is shown in red in equation 5. The same relationship was observed when the 
glutathione was increased (B). 
2.4 Discussion 
Computational modeling provides a useful tool to explore the regulation of 
glutaredoxin systems but it was first necessary to assess the validity of the ping-pong and 
dithiol models proposed for these systems (Pillay et al., 2009; Deponte, 2013; Pillay et al., 
2013; Mashamaite et al., 2015a). Unfortunately, finding suitable datasets to assess 
glutaredoxin datasets proved difficult as many published datasets were incomplete or included 
very few data points (Table 2.1). However, when using a high quality E. coli glutaredoxin 
dataset and a yeast glutaredoxin dataset (Peltoniemi et al., 2006; Pillay et al., 2009; Li et al., 
2010; Mashamaite et al., 2015a) the widely accepted ping-pong model was found to be 
inadequate (Figure 2.2) and we therefore used the dithiol model for subsequent analyses. 
Modeling of the glutaredoxin/glutathione system showed that the reduction of 
glutaredoxin disulfide by GSH is important in controlling the flux of the system and the 
overall GSH concentration may be responsible for the availability of active reduced 
glutaredoxin (Figure 2.10). Thus, loss of reduced glutathione would be expected to decrease 
glutaredoxin activity and the activity of the glutaredoxin system. Interestingly, a relationship 
between aging organisms and decline in GSH has been reported in literature (Sohal et al., 
1990; Zhu et al., 2006). Based on these modeling results, a new hypothesis was formulated 
that the loss of glutathione associated with aging may reduce glutaredoxin activity and 
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increase the levels of glutathionylated protein which would impact cell function. To test this, 
S. pombe cells were aged to determine if there was indeed an age-related decline in GSH and 
an associated increase in protein glutathionylation levels. 
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Chapter 3: Investigating the relationship between 
chronological aging and glutathione concentration in 
Schizosaccharomyces pombe 
3.1 Introduction 
Despite the apparent abundance of GSH in cells, numerous studies have shown an age-
associated decline in these levels, which was initially proposed to be a result of increased 
exposure to ROS with age (Sohal et al., 1990; Erden‐İnal et al., 2002; Gil et al., 2006; Zhu et 
al., 2006). However, this has been disputed as based on its kinetics, GSH is not a major cellular 
antioxidant when compared to specialist ROS-scavengers such as peroxiredoxins and 
catalases (Deponte, 2013, 2017; Winterbourn, 2019). For example, the rate constant for the 
reduction of hydrogen peroxide by GSH is 0.8 M-1s-1 while the rate constant for equivalent 
reaction by peroxiredoxins is in the range of 106-108 M-1s-1 (Peskin et al., 2007; Giustarini et 
al., 2016). However, the high GSH levels may be necessary to support post-stress recovery 
processes such as deglutathionylation by glutaredoxins.  
S. pombe or the fission yeast is considered a model organism for studying redox 
networks. First, it is often used to study the peroxiredoxin system due the presence of a single 
thiol peroxidase, Tpx1, making it more accessible than higher eukaryotes, while still 
providing insights that can later be translated to more complex organisms (Peskin et al., 
2013b). Second, S. pombe cells can be readily cultured and analyzed when compared to higher 
eukaryotes  (Hayles and Nurse, 2018) and there are detailed genomic and proteomic data 
available on S. pombe  (Marguerat et al., 2012).  Lastly, and most importantly for this research, 
S. pombe has only two cytosolic glutaredoxins and only one of these, Grx1, is a dithiol 
glutaredoxin. The other, Grx4 is a monothiol glutaredoxin that is primarily involved in iron-
sulfur cluster formation ((Matsuyama et al., 2006). For these reasons, S. pombe was chosen 
as the organism in which to study the effects of aging on glutathione concentration. 
Two types of aging can occur in yeast, namely replicative, which is determined by the 
number of replication scars present on the cells, and chronological aging which is, as the name 
suggests, aging that occurs over a period of days (Zuin et al., 2010). Chronological aging is 
most relevant in this case as it is the type of aging that is most relevant to higher eukaryotes 
including human cells. In the case of wild type S. pombe, chronological aging can be induced 
in vivo by simply inoculating a small volume of Edinburgh Minimal Media (EMM) with a 
single colony and incubating over a period of four to eight days without refreshing the media 
(Chen and Runge, 2009). This prevents the culture from continuing to replicate but allows the 
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cells to continue to survive and results in the exposure to higher levels of ROS as the media 
becomes depleted (Chen and Runge, 2009).  
Following aging, GSH concentrations can be determined using the DTNB (5,5’ 
dithiobis (2-nitrobenzoic acid)  recycling assay (Tietze, 1969; Baker et al., 1990). DTNB 
reacts with GSH to produce 5-thionitrobenzoic acid, a yellow chromophore that can be 
measured spectrophotometrically at a wavelength of 415 nm (Baker et al., 1990). To the best 
of the author’s knowledge, there is no published data on the relationship between aging and 
glutathione concentrations in fission yeast. Glutathionylation levels can be determined using 
the 2,3-naphthalenedicarboxaldehyde (NDA) assay which will measure the amount of GSH 
attached to proteins (Menon and Board, 2013). This assay relies on the reduction of the 
disulfide bonds between proteins and glutathione by dithiothreitol (DTT), which subsequently 
releases the GSH. The GSH is then free to react with NDA to form a highly fluorescent 
product (Orwar et al., 1995). Determining the levels of protein glutathionylation in the young 
and aged cultures was expected to provide a baseline to investigate the effect of a decrease or 
increase in glutathione on cell recovery. In addition to aging, L-buthionine- (S, R)-
sulfoximine (BSO) has also been shown to deplete glutathione levels. BSO inhibits the 
synthesis of glutathione by inhibiting the activity of γ-glutamylcysteine-synthetase  (Ghezzi, 
2013). There is currently no published data showing the relationship between age and 
glutathione concentration in S. pombe and therefore these parameters will be compared with 
the decline in glutathione that is associated with BSO. We note that the data presented in this 
chapter represents exploratory research and as such needs to be further verified.  
 
3.2 Materials 
The wildtype S. pombe  972 (h-) strain used in this project was kindly provided by Dr. 
Elizabeth Veal (Newcastle University, UK) (Bozonet et al., 2005). Glutathione reductase, 2,3 
naphthalenedicarboxaldehyde, reduced glutathione, L-buthionine- (S, R)-sulfoximine and 
5,5’ dithiobis 2-nitrobenzoic acid were purchased from Sigma Aldrich (Germany). 
Dithiothreitol was purchased from Capital Labs (South Africa) and the PierceTM BCATM 
Assay Kit was purchased from Thermofisher (USA) 
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3.3 Preparation of culture media 
3.3.1 Yeast extract (YE) media 
YE plates were prepared by combining yeast extract (0.5%), glucose (2%) and agar 
(2%). 
3.3.2 Edinburgh minimal media (EMM)  
EMM was prepared by combining potassium hydrogen phthalate (14.7 mM), di-
sodium hydrogen orthophosphate (15.5 mM), ammonium chloride (93.5 mM), glucose (2%) 
with salt stock (1 X), vitamin stock (1 X) and mineral stock (1 X) into dH2O. The media was 
autoclaved at 120°C for 15 minutes (Hayles and Nurse, 2018). 
3.4 Preparation of reagents & buffers 
3.4.1 Salt stock (50 X) 
Salt stock was prepared by combining magnesium chloride (260 mM), calcium chloride 
(4.99 mM), potassium chloride (670 mM), di-sodium sulphate (14.1 mM) into dH2O.  
3.4.2 Vitamin stock (1000 X) 
Vitamin stock was prepared by combining nicotinic acid (4.2 mM), myo-inositol (56 
µM), biotin (40.8 µM), pantothenic acid (81.2 mM) into dH2O. 
3.4.3 Mineral stock (1000 X) 
Mineral stock was prepared by combining boric acid (80.9 mM), manganese sulphate 
(23.7 mM), zinc sulphate (13.9 mM), ferric chloride (7.4 mM), molybdic acid (2.47 mM), 
potassium iodide (6.02 mM), copper sulphate (1.6 mM), citric acid (47.6 mM) into dH2O. 
3.4.4 Tris-HCl 
0.5 M Tris-HCl was prepared by dissolving Tris and 0.1% Triton X-100 in dH2O and 
corrected to pH 8 with HCl. 
3.4.5 Glutathione quantification buffer 
Glutathione (GSH) quantification buffer was prepared by dissolving EDTA (1 mM) 
and Na2PO4.2H2O (100 mM) in distilled water and the pH was adjusted to pH 7.5. 
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3.4.6 2,3 Naphthalenedicarboxaldehyde (NDA) derivation mix 
The NDA derivation mix was prepared by combining 1 mL NDA in dimethyl 
sulfoxide (10 mM) with 7 mL Tris (50 mM, pH 10) and 1 mL sodium hydroxide (0.5 M). 
3.5 Methods 
3.5.1 Maintenance and cultivation of Schizosaccharomyces pombe 
The strain used in this study, S. pombe wild-type 972 (h-)  were revived from frozen 
stocks on YE agar for 3 days at 30°C, grown up in YE broth at 30°C for 2 days before being 
stored at -80°C in 50% (v/v) glycerol.  
3.5.2 Growth and aging of S. pombe 
Single colonies from the YE agar plates were used to inoculate 30 mL EMM to an 
initial OD600~0.1. The cultures were grown for 5 days, using a previously described 
chronological aging protocol in an MRC Laboratory Shaker Incubator (30°C, 200 rpm 
shaking) (Chen and Runge, 2009), with or without the addition of GSH (1 mM) or BSO (1 
mM). At 2 and 5 days, 2 mL of culture was harvested into 15 mL Falcon tubes on ice. Cells 
were pelleted by centrifugation (5000 x g, 5 minutes, 4°C) and stored at -80°C. 
3.5.3 Preparation of cell supernatant and protein Samples 
Pellets were thawed on ice and resuspended in 10% (w/v) TCA (200 µL). Solutions 
were transferred to 2 mL Ribolyser tubes to which 0.5 mm glass beads (750 µL) were added. 
Samples were placed in a bead beater for 15 seconds, transferred to ice for 1 minute and 
returned to the bead beater for a further 15 seconds. While on ice, 10 % (w/v) TCA (500 µL) 
was added to the tubes which were then pierced with a hot needle, to elute the protein, before 
being placed in a 1 mL Eppendorf tube inside a 50 mL Falcon tube. Samples were centrifuged 
(2000 x g, 1 minute, 20°C)  to elute the sample out of the beads (Day et al., 2012). The 
Eppendorf tubes containing the samples were centrifuged (13000 x g, 10 minutes, 4°C) and 
the supernatant was transferred to Eppendorf tubes to be used for Glutathione recycling assay 
(Section 3.5.4). Protein pellets were washed in 100% acetone (200 µL) three times and air 
dried until pellets were white, resuspended in 0.5 M Tris-HCL buffer (40 µL) and incubated 
for 10 minutes at room temperature. DTT (final concentration 5 mM) was added to the protein 
solution to break the protein-disulfide bonds and elute the protein-bound GSH (30 minutes, 
room temperature). Protein was precipitated by addition of 25 μL 200 mM TCA and 
incubated for 30 minutes on ice. Samples were then centrifuged (20 000 x g, 20 minutes) and 
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supernatant was transferred to a clean tube to be used for the glutathionylation assay (3.4.5) 
(Menon and Board, 2013). Protein pellets were used to determine protein concentration using 
a PierceTM BCATM Assay Kit (Thermofisher, South Africa). 
3.5.4 Glutathione recycling assay 
GSH quantification was performed according to the method developed by Baker et al 
(1999). Briefly, 20 µL of cell supernatant was added to a 96-well microtiter plate, placed into 
a VersaMaxTM ELISA Microplate Reader. The reaction mix was freshly prepared by adding 
DTNB (0.15 mM), NADPH (0.2 mM) and GR (1 U/mL) to 5.85 mL GSH quantification 
buffer containing EDTA 1mM and Na2PO4.2H2O (100 mM). The reaction mix was added to 
the 96-well plate containing the cell lysate immediately before the absorbance was read at 
405nm for 2 minutes. GSH standards, used to develop a standard curve, were prepared by 
dissolving 1 mM GSH in water before diluting in GSH quantification buffer. The GSH 
concentrations of samples were determined by interpolation from a GSH standard curve. 
3.5.5 Glutathionylation assay 
The concentration of glutathione attached to proteins was determined by the NDA 
derivation method of Menon and Board (2013), in which 180 µL NDA derivation mix was 
added to 20 µL supernatant and standards in a 96 well plate. The plate was incubated in the 
dark (30 minutes, room temperature) and fluorescence was determined at 485 nm excitation 
and 520 nm emission respectively using an Optima FLUOstar fluorescence plate reader. A 
standard curve was created using the fluorescence of the GSH standards. 
3.5.6 Statistical analysis 
Tests of statistical significance were performed using the paired t-test with 95% 
confidence level using Python SciPy. 
3.6 Results 
3.6.1 Optical density readings determine that cultures survive five-day aging 
As cultures were grown for a period of 5 days without refreshing the media in order 
to induce chronological aging and prevent continued replication, it was necessary to perform 
optical density readings after 2 and 5 days of incubation to confirm that the S. pombe 972 
strain was able to survive five days without the addition of fresh media. There was a non-
significant increase in the optical density of the S. pombe cultures between 2 and 5 days under 
all growth conditions, showing that the cells continued to survive without refreshing the media 
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(Figure 3.1). This was expected as Chen and Runge (2009) had shown that this method did 
not lead to a loss of cell viability. The cultures grown in media supplemented with either GSH 
or BSO had lower optical densities than the cultures grown in standard media after 2 days of 
growth, at 2.09, 1.56 and 1.45 respectively (Figure 3.1, Supplementary Table S3.1). 
Interestingly, there was a significant decrease in the growth observed in media with GSH as 
well as media with BSO when compared with EMM with no additions after 2 days (Table 
3.1). However, as the OD600 increased in both S. pombe cultures grown with added GSH and 
BSO between 2 and 5 days, it can be concluded that the addition of glutathione or BSO was 
not lethal to the S. pombe cultures (Table 3.1). 
 
 
Figure 3.1: Optical density at 600 nm of S. pombe cultures grown under different 
conditions. S. pombe grown in Edinburgh minimal media (EMM), EMM + 1 mM glutathione 
(GSH) and EMM + 1 mM L-buthionine- (S, R)-sulfoximine (BSO) all had an increase in OD600 
readings. Significance denoted as * p < 0.05 and n/s is not significant. (n = 6, standard error 
shown in figure).  
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Table 3.1 Paired t-test significance (p>0.05) between OD600 of S. pombe cultures in 
different growth conditions 
 
3.6.2 Aged S. pombe 972 cells showed an increase in free GSH 
Reduced glutathione, ranging in concentration from 0 µM to 325 µM, was used to 
create a standard curve from which a linear regression was performed. GSH reaction buffer 
without GSH or sample was used as a negative control and showed no change when DNTB 
was added (Table S3.2, Supplementary Information). 
 
Figure 3.2: Glutathione recycling assay of known glutathione concentrations. A standard 
curve was created from the absorbance at 405 nm of glutathione ranging in concentration 
between 10.2 µM and 325 µM. The linear trend line had an r2 value= 0.994. (n =3, standard 
errors shown in figure)  
y = 0.0007x + 0.0586
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nm
Glutathione Concentration (µM)
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Growth Conditions Mean 
OD600 
Significance 
 (p<0.05) 
Mean OD600 Significance (p<0.05) 
EMM vs EMM + GSH 2.09 vs 
1.56 
Not significant  
(p= 0.054) 
2.488 vs 2.16 Significant  
(p=0.0191) 
EMM vs EMM + BSO 2.09 vs 
1.65 
Significant 
(p=0.0191) 
2.488 vs 2.16 Not Significant 
(p=0.054) 
EMM + GSH vs EMM + 
BSO 
1.56 vs 
1.65 
Not significant 
(p=0.054) 
2.16 vs 2.16 Not significant 
(p=0.89) 
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The linear equation from Figure 3.2 was used to determine the free GSH concentration 
of the S. pombe cell supernatants (Section 3.5.3) subjected to the DNTB glutathione recycling 
assay (Section 3.5.4). Glutathione concentrations were then corrected for growth by dividing 
the average of the six glutathione concentrations obtained for each growth condition by the 
average OD600 (Supplementary Table S3.1; S3.2). 
 
 
Figure 3.3 Concentration of free glutathione from S. pombe grown in different media. 
Free cellular glutathione concentrations of S. pombe grown in Edinburgh minimal media 
(EMM), EMM + 1 mM glutathione (GSH) and EMM + 1 mM L-buthionine- (S, R)-sulfoximine 
(BSO)  were measured by fluorescence in the glutathione recycling assay by Baker et al (1999) 
and corrected for the OD600 of the respective cultures (Section 3.54). Significance denoted as 
* p < 0.05 and n/s is not significant. (n=6, standard errors shown in figure) 
GSH concentrations were corrected to take into account the increase in optical density 
that occurred with growth as it is assumed that an increase in cell number would increase GSH 
concentration (Table S3.1). As expected, there was a significant increase in free glutathione 
in S. pombe grown for 2 days in EMM supplemented with GSH when compared with the 
S. pombe grown in EMM with no supplementation (Table 3.2). There was also a significant 
difference in the free glutathione for those cultures that included BSO. In the 5-day aged 
cultures under normal growth conditions (EMM), the free cellular glutathione concentration 
significantly increased from 36.62 µM to 43.09 µM. By contrast, there was a significant 
decrease in the free GSH levels in those cells that were treated with BSO. A comparison of 
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the 5-day old cultures showed that the different treatments yielded significantly different 
levels of free GSH (Table 3.2). Collectively, these results showed that the addition of GSH 
had a significant effect on the free glutathione levels within cells and BSO decreased these 
levels in aged cells. Cells without supplementation showed an increase in GSH levels that was 
not determined to be significant. We next aimed to determine the effect of these treatments 
on protein glutathionylation levels. 
 
 Table 3.2 Paired t-test significance (p<0.05) between free glutathione concentrations of 
S. pombe cultures in different growth conditions 
 
3.6.3 Protein glutathionylation of S. pombe decreases with age 
As previously discussed, aging is often linked with increased exposure to ROS and as 
a result glutathionylation is expected to increase. Glutathionylation levels were tested 
indirectly by isolating S. pombe total protein and chemically cleaving glutathione from 
proteins. The protein was then removed to prevent any interaction with the assay, and the 
remaining glutathione concentrations were determined using the NDA fluorescence assay. 
These data were normalized for changes in protein concentration which were expected to 
occur as the cultures aged. Protein concentrations were determined using the BCA assay 
(Figure 3.4 and 3.5). 
 
 
 2 Day  5 Day 
Growth 
Conditions 
Mean GSH 
(µM) 
Significance 
(p<0.05) 
Mean GSH 
(µM) 
Significance 
(p<0.05) 
EMM vs EMM + 
GSH 
36.62 vs 55.67 Significant 
(p=0.007) 
43.09 vs 34.55 Significant 
(p=0.043) 
EMM vs EMM + 
BSO 
36.62 vs 44.34 Not significant 
(p=0.087) 
43.09 vs 32.86 Significant 
(p=0.023) 
EMM + GSH vs 
EMM + BSO 
55.67 vs 44.34 Not significant 
(p=0.116) 
34.55 vs 32.86 Not Significant 
(p=0.440) 
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Figure 3.4: BCA assay of known protein concentrations. A standard curve was created from 
the absorbance at 595 nm (A595) of known concentrations of bovine serum albumin (BSA) 
(ranging from 0.0015 mg/mL to 1 mg/mL) obtained during the BCA assay. The linear trend 
line had an r2= 0.9341. The linear equation was used to determine the protein concentration 
of the samples (n=3, standard errors shown in figure). 
 
Figure 3.5: Protein concentrations of S. pombe cultures grown in different media. Protein 
concentrations were determined using the fluorimetric BCA assay. (Section 3.5.3). The protein 
concentration of S. pombe cultures grown in Edinburgh minimal media (EMM), EMM + 1 mM 
glutathione (GSH) and EMM + 1 mM L-buthionine- (S, R)-sulfoximine (BSO) were compared 
for 2- and 5-days of growth. Significance denoted as * p < 0.05 and n/s is not significant, (n=6, 
standard errors shown in figure).  
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Between 2 and 5 days, protein concentrations significantly increased in S. pombe 
grown in standard EMM (from 0.27 mg/mL to 0.377 mg/mL) and EMM with additional GSH 
(0.188 mg/mL to 0.439 mg/mL) or 1 mM BSO (0.196 mg/mL to 0.335 mg/mL), confirming 
that cultures continued to grow over the aging period. Cleaved glutathione concentrations 
obtained in the NDA assay (Figure 3.6) were corrected for protein concentrations obtained in 
the BCA assay by dividing the glutathione concentrations by the relevant protein 
concentration. Figure 3.7 shows the relative glutathione concentration (µM) cleaved per 
mg/mL of S. pombe. 
 
Figure 3.6: Naphthalenedicarboxaldehyde assay of known glutathione concentration. A 
standard curve was created from known concentrations of glutathione (µM) and the 
fluorescence readings (AU) obtained during the Naphthalenedicarboxaldehyde (NDA) assay. 
The linear trendline had an r2 = 0.9341.(n=3, standard errors shown in figure). 
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Figure 3.7 Protein glutathionylation levels per mg/mL of protein in S. pombe grown in 
media with different additives. The concentration of cleaved glutathione obtained in the NDA 
assay of S. pombe grown in Edinburgh minimal media (EMM), EMM + 1 mM glutathione 
(GSH) and EMM + 1 mM L-buthionine- (S, R)-sulfoximine (BSO) was divided by the protein 
concentration to show the amount of glutathione present per mg/mL of protein. Significance 
was denoted as * p < 0.05 and n/s is not significant. (n=6, standard errors shown in figure) 
In contrast to our hypothesis, the NDA assay showed that the glutathionylation levels 
decreased in all growth conditions between 2- and 5-day growth periods. Glutathionylation 
levels decreased significantly in S. pombe grown in EMM and in EMM with 1 mM added 
glutathione, but the decrease in glutathionylation levels in S. pombe grown in EMM with 1 
mM BSO was not significant (Figure 3.7, Supplementary Data Table S3.5). When comparing 
the treatments, the increase in glutathionylation levels between S. pombe grown in EMM for 
2 days and in EMM with GSH for 2 days and in EMM with 1 mM BSO for 5 days was 
significant. All other treatments showed no significant changes.  
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Table 3.3 Paired t-test significance (p<0.05) between protein glutathionylation levels of S. 
pombe cultures in different growth conditions 
 
 
3.7 Discussion 
An age-associated decline in glutathione concentrations has previously been shown in 
a number of organisms, such as rats, fruit flies and humans (Sohal et al., 1990; Erden‐İnal et 
al., 2002; Gil et al., 2006; Zhu et al., 2006) but, to our knowledge, no data is available on the 
effect of aging on the glutathione concentration in S. pombe. Before the cause of age 
associated GSH decline could be elucidated, it was necessary to determine if this decline is 
present in S. pombe. Two-day old S. pombe (strain 972) cultures were compared with aged 
cultures (five-day old). Factors considered were the free glutathione concentrations and 
glutathionylation levels. 
The relationship between GSH concentration and age was tested in chronologically 
aged S. pombe cultures by growing cultures without refreshing the limited volume of minimal 
media for a period of five days (Chen and Runge, 2009). Optical density readings showed that 
the yeast cultures did survive the five-day period, but it was not possible to be sure that the 
cultures had in fact aged. Future research into confirming this would be beneficial as it is 
possible that cultures might require a longer period of aging. 
The method for testing glutathione concentrations was proposed by Tietze and has 
been adapted for use in microtiter plates which is an improvement as it requires smaller 
volumes of sample than the traditional method (Baker et al., 1990). The assay was repeated 
 2 Day 5 Day 
Growth 
Conditions 
Mean 
glutathionylation 
(µM per mg/mL) 
Significance 
(p<0.05) 
Mean 
glutathionylation 
(µM per mg/mL) 
Significance 
(p<0.05) 
EMM vs EMM + 
GSH 
1890.04 vs 
1332.26 
Significant 
(p=0.033) 
1519.67 vs 962.98 Not significant  
(p =0.48) 
EMM vs EMM + 
BSO 
1890.04 vs 
1177.11 
Not significant 
(p=0.213) 
1519.67 vs 1047.46 Significant  
(p=0.03) 
EMM + GSH vs 
EMM + BSO 
1332.26 vs 
1177.11 
Not significant 
(p=0.057) 
962.98 vs 1047.46 Not significant 
(p=0.84) 
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six times using six replicates for each treatment and in each repeat, the same pattern of 
increasing glutathione was observed. Interestingly, the expected age-associated decline in 
glutathione was not observed in S. pombe cells grown in standard EMM. Unexpectedly, we 
found that free glutathione concentrations increased between the two- and five-day aged 
S. pombe cells grown in EMM (Figure 3.3). The addition of 1 mM of GSH to the EMM 
resulted in a significant increase in free glutathione when compared with that of cells grown 
in EMM for 2 days. However, free glutathione levels declined between 2 and 5 days in the 
cultures grown with additional GSH which was also not expected. As expected, the cultures 
grown in the presence of GSH synthesis inhibitor BSO showed a significant decline in cellular 
GSH concentrations, it is not clear why this is not the case when compared to cultures grown 
in EMM alone.  
Aged cells were expected to have higher levels of protein glutathionylation due to 
increased exposure to ROS (Di Stefano et al., 2006). The NDA assay for glutathionylation 
showed that the concentrations of GSH cleaved from glutathionylated proteins also increased 
as cultures were aged. However, as glutathionylation occurs when glutathione becomes 
attached to vulnerable cysteine residues in proteins, it was necessary  to consider that the cell 
growth and replication that occurred between the two and five day sampling was likely to 
have increased the culture protein concentration and consequently the amount of protein 
which could be glutathionylated (Mieyal et al., 2008; Ghezzi, 2013). Therefore, protein 
concentrations were determined and found to increase with age as was expected. The 
glutathione concentrations obtained in the glutathionylation assay were subsequently 
corrected against these concentrations. These data showed that the glutathionylation levels 
were in fact decreased as the cells aged, in all growth conditions, including in the presence of 
GSH synthesis inhibitor, BSO (Figure 3.7). We expected that glutathionylation levels would 
decrease when S. pombe cells were grown in EMM supplemented with GSH if it is the limiting 
factor in the glutaredoxin/glutathione system. However, the significant decrease in protein 
glutathionylation in the EMM (Figure 3.7 A) and the similar glutathionylation levels in aged 
BSO-treated cultures were surprising. We speculate that in the EMM cultures, compensatory 
GSH synthesis may have activated the glutaredoxin system (Figure 3.8). The rate-limiting 
enzyme in the glutathione biosynthesis pathway, γ-glutamylcysteine-synthetase, is negatively 
regulated by the glutathione levels in the cell. In the EMM cells, aging would have induced 
an increase GSH biosynthesis which would have increased the free glutathione levels (Figure 
3.3) resulting in a decrease in protein glutathionylation (Figures 3.7, 3.8). In cells 
supplemented with GSH, the glutathione biosynthesis pathway would be repressed therefore 
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there was no change in free glutathione levels in these cells (Figure 3.7). The decreased levels 
of deglutathionylation in the cells could come from either increased glutaredoxin activity or 
a reduction in protein glutathionylation (Figure 3.8). Unfortunately, we were unable to test 
these options.  
 
Figure 3.8 Summary of effects of aging under different growth conditions. S. pombe was 
grown in minimal media (EMM) to prevent artefacts from complex media. In standard EMM, 
cells had a significant increase in intracellular GSH as they aged, which was possibly due to 
upregulation of GSH synthesis. With this increase in GSH, there was a decrease in 
glutathionylated protein (PSSG) as glutaredoxins were more active. In contrast, cells grown 
in EMM supplemented with GSH had a surprising decrease in GSH as the cells aged which is 
likely as a result of the synthesis of GSH being downregulated by negative feedback. Due to 
this lack of GSH in the system, there was a decline in PSSG. We suspect that there would be 
an associated increase in oxidative damage that should be measured in future studies. In cells 
grown in EMM with BSO, there is a drop in GSH which is expected because of BSO being a 
known inhibitor of GSH biosynthesis. However, PSSG levels remained the same.  
BSO treatment did decrease the free glutathione levels but there was no change in the 
protein glutathionylation levels. It is possible that the BSO was metabolized by the cells and 
therefore its effect was removed in these experiments. These confusing results could have 
another explanation. While it has generally been assumed that glutaredoxins act to 
deglutathionylate proteins, glutaredoxins could act to glutathionylate proteins (i.e.) they act 
as oxidases rather than just reductases (Ruoppolo et al., 1997; Lillig et al., 2008; Matsui et al., 
2020). Thus, a loss of glutathione may prevent protein deglutathionylation. 
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These studies suggest that a more extensive set of assays should have been undertaken 
to characterize aging in S. pombe. It is possible that S. pombe strain 972 remains able to 
combat ROS antioxidant systems other than the glutaredoxin/glutathione system for longer 
periods of time. Therefore, the NADPH/NADP levels as well as protein oxidation and the 
glutaredoxin redox state should have been assessed which would yield a more comprehensive 
picture of the relationship between aging, glutathione levels the oxidation of glutaredoxins.   
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Chapter 4: General Discussion 
 
 
Aging is a major risk factor for numerous diseases, including cancer, cardiovascular 
and neurodegenerative diseases and as global life expectancy increases, these age related 
diseases are becoming more prevalent (Niccoli and Partridge, 2012; Maluleke, 2018). 
Interestingly, these diseases have been linked to aging and three main pathways have been 
proposed, namely the nutrient sensing, mitochondrial dysfunction and DNA damage 
pathways (Niccoli and Partridge, 2012). ROS play a critical role in all three of these pathways 
which led to the hypothesis that exposure to ROS is increased or prolonged as cells age but 
this hypothesis has proved to be inconsistent and imprecise (Ristow, 2014). 
We propose that there is a three-stage cellular response to ROS: exposure- 
detoxification, adaptation and post-stress recovery or repair (Section 1.4). Both the 
detoxification and adaptation stages have been well studied, but to date, post-stress recovery 
has been neglected. We hypothesized that failure of post-stress recovery, which occurs as the 
ROS levels begin to dissipate, is responsible for age-associated diseases. Testing this 
hypothesis required a mechanistic model and the glutaredoxin/glutathione system was a good 
candidate mechanism as GSH depletion, which is a key component of the adaptation stage, 
has been shown to be associated with neurodegenerative and cardiovascular diseases and with 
reduced autophagy which is associated with cancer (Guerrero-Gomez et al., 2019).  
Computational modeling of the glutaredoxin/glutathione system was used as a first 
step to develop our understanding of the regulation of the system. Previously, our lab 
developed and validated a model of the dithiol mechanism of glutaredoxin activity (Pillay et 
al., 2009; Mashamaite et al., 2015a). However, other research groups have proposed the 
monothiol ping-pong model as the correct model of glutaredoxin activity (Begas et al., 2017; 
Deponte, 2017; Liedgens and Deponte, 2018). Here we show that the ping-pong model is 
inconsistent and is unable to predict independent glutaredoxin datasets. For this reason, we 
used the previously described dithiol model to test the glutaredoxin/glutathione system. 
Saturating the redox cycles of each reaction in the dithiol model confirmed that the system 
was dependent on the availability of GSH. This led to the hypothesis that the age-related 
decline in GSH may decrease in the activity of the glutaredoxin system and therefore 
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glutathionylated proteins would remain inactive which would contribute to the aging 
phenotype. 
We first needed to show that there was indeed an age-associated increase in 
glutathionylation. S. pombe was a suitable model organism due to its simple redox networks 
and single dithiol glutaredoxin. Baseline free glutathione and glutathionylation levels in wild 
type (strain 972) S. pombe were determined after two days growth and compared with aged 
(5-day-old) cultures. Glutathione levels were tested using the well-established glutathione 
recycling assay (Baker et al., 1990) and glutathionylation levels were determined by cleaving 
glutathione from proteins using DTT and these glutathione concentrations were determined 
using the NDA assay (Menon and Board, 2013). Interestingly, the predicted age-related 
decline in free glutathione was not present and glutathionylation levels decreased with age 
which was in contrast to data obtained in fruit fly, rat and human cells (Sohal et al., 1990; 
Erden‐İnal et al., 2002; Zhu et al., 2006; Ghezzi, 2013).   
In future work, we propose raising glutaredoxin antibodies to track the performance 
of the glutaredoxin system and to determine the oxidized and reduced fractions of 
glutaredoxins. In addition, it would be beneficial to express all the components of the 
glutaredoxin/glutathione system to perform in vitro analysis of the effects of changes in 
glutathione concentration in a reconstituted system. Recently, it has been shown that the 
proposed role of ROS in aging and age-related disease may need to be modified. A study in 
mice has shown that thiol-based redox networks are remodeled differently in different tissues 
as cells age (Xiao et al., 2020). In light of this work, we believe that our hypothesis of aging 
in S. pombe will need to be modified to include network specific changes in addition to 
glutaredoxin and glutathione levels. Such analyses may be the key to delineating the role of 
post-stress recovery mechanisms to the antioxidant response and in disease.  
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Appendix A 
 
Figure S2.1: Saturating the redox cycles in the reduction of GrxSS by glutathione. 
Increasing the total glutathione (B) both resulted in increased active GrxSH. Reaction 
conditions: PSSG (5µM), GR (20nM) and NADPH (50µM).  Glutathione and flux plotted in 
logscale.  
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Appendix B 
PySCeS Models 
#Model units: uM, s 
FIX: PSSG PSH NADPH NADP GSHp 
R1: GSSG + NADPH = 2 GSH + NADP 
     kcat1*GR*GSSG*NADPH/(Kgssg*Knadph)/((1+GSSG/Kgssg) 
*(1+NADPH/Knadph)) 
    #kcat1*GR*GSSG*NADPH/(Kgssg*Knadph)/((1+GSSG/Kgssg) 
*(1+NADPH/Knadph+NADP/Knadp)) 
 
R2: GrxSS + 2 GSH = GrxSH + GSSG 
    k2*GrxSS*(GSH**2) *(1-((GSSG*GrxSH)/(GrxSS*GSH*GSH))/Keq2) 
     
#k2*(GrxSS*(GSH**2) - (GrxSH*GSSG)/Keq2) 
     
R3: GrxSH + PSSG = GrxSS + PSH + GSHp 
    k3*GrxSH*PSSG 
#Rate parameters 
kcat1=500 
GR     = 0.02   # 20 nM GR 
Kgssg = 55 
Knadph = 3.8 
GSHp   = 1 
Knadp = 55 
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k2     = 4.77673309454e-006 
Keq2   = 1.3656e-6             # NB. Units: per micromolar (uM)^-1 
 
k3     = 0.640964271921 
 
#Metabolites (uM) 
#fixed 
NADPH = 50 
NADP = 1 
PSSG = 5 
PSH   = 1 
 
#variable 
GrxSS = 0.01 
GrxSH = 0.01 
GSH   = 998   # total GSH monomer = 1 mM 
GSSG = 1 
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Appendix C 
In Vivo Data 
 
Table S3.1 Optical density at 600 nm of S. Pombe cells grown in different media 
Growth Conditions 
EMM EMM + 1 mM GSH EMM + 1 mM BSO 
2 DAY 5 DAY 2 DAY 5 DAY 2 DAY 5 DAY 
Average OD600 2.09 2.488 1.56 2.16 1.45 2.16 
Standard Deviation 0.027 0.296 0.767 0.011 0.621 0.034 
Standard Error 0.016 0.171 0.443 0.007 0.358 0.020 
 
Table S3.2 Average A405nm of known glutathione concentrations 
GSH Concentration (µM) Average A405 nm Standard Deviation Standard Error 
0 0.05337 0.0006 0.0003 
10.2 0.0665 0.0071 0.0041 
20.3 0.0700 0.0026 0.0015 
40.6 0.0865 0.0049 0.0028 
81.3 0.1168 0.0013 0.0008 
162.5 0.1929 0.0103 0.0060 
325.0 0.2942 0.0114 0.0066 
 
Table S3.3: Glutathione concentrations of S. pombe under different growth conditions 
Growth conditions 
EMM EMM + 1 mM GSH EMM + 1 mM BSO 
 2 DAY 5 DAY 2 DAY 5 DAY 2 DAY 5 DAY 
Corrected Glutathione 
Concentration (µM/20µL) 
36.62 43.09 55.67 34.55 44.34 32.86 
Standard Deviation 8.76 22.14 18.83 6.25 12.15 8.76 
Standard Error 3.58 9.04 7.69 2.55 4.96 3.58 
 
 
 
 
76 
 
Table S3.5: Protein concentrations of S. pombe grown in different conditions 
Growth conditions 
EMM 
EMM + 1 mM 
GSH 
EMM + 1 mM 
BSO 
2 
DAY 
5 DAY 
2 
DAY 
5 
DAY 
2 
DAY 
5 
DAY 
Protein Concentration 
(mg/mL) 0,27 0,377 0,188 0,439 0,196 0,335 
Standard Deviation 0,459 0,41 0,21 0,511 0,155 0,405 
Standard Error 0,153 0,137 0,07 0,17 0,052 0,135 
 
Table S3.6: NDA assay of known glutathione concentrations 
 
Table S3.5 Concentration of Cleaved Glutathione per mg/mL Protein from S. pombe 
cultures grown in different media 
Growth Conditions 
EMM EMM + 1 mM GSH EMM + 1 mM BSO 
2 DAY 5 DAY 2 DAY 5 DAY 2 DAY 5 DAY 
Glutathione Concentration 
(µM) 
3348,814 1620,155 7086,507 2193,577 6005,678 3126,731 
Standard Deviation 734,931 833,333 833,333 833,333 555,555 878,410 
Standard Error 244,977 277,778 277,778 277,778 185,185 292,803 
 
 
 
GSH Concentration 
(µg/mL) Average Fluorescence (AU) Standard Deviation Standard Error 
0.16 0,67 1,16 0,67 
0.33 1 1 0,58 
0.65 1 0 0 
1.30 1,33 0,58 0,33 
